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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization.

fferent types of ISO documents should be noted. This document was drafted in aceordance

T
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteriayneedd
d
eflitorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

ttention is drawn to the possibility that some of the elements of this documéntmay be the g
htent rights. ISO shall not be held responsible for identifying any or all suchpatent rights. I
hy patent rights identified during the development of the document will be'in the Introductio
h the [SO list of patent declarations received (see www.iso.org/patents).

o LT >

Ay trade name used in this document is information given for the.convenience of users and
cpnstitute an endorsement.

Fpr an explanation of the voluntary nature of standards, the meaning of ISO specific te
ekpressions related to conformity assessment, as well*as information about ISO’s adhe
the World Trade Organization (WTO) principles in)the Technical Barriers to Trade (T
ww.iso.org/iso/foreword.html.

W
This document was prepared by Technical Cominittee ISO/TC 25, Cast irons and pig irons.
T

his second edition cancels and replaces-the first edition (ISO/TR 10809-1:2009), which |
technically revised.

The main changes are as follows:

- Clauses 4 to 10 have been reordered in line with microstructural similarities between
types;

- the Bibliography has'been updated.
list of all parts in‘the ISO 10809 series can be found on the ISO website.

Al
Any feedback or'questions on this document should be directed to the user’s national standard|
cpmplete listing of these bodies can be found at www.iso.org/members.html.

he procedures used to develop this document and those intended for its further maintenance are

d for the
with the

ubject of
etails of
n and/or

does not

rms and
rence to
BT), see

nas been

rast iron

s body. A
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Introduction

Worldwide cast-iron production is in excess of 74 million metric tonnes per annum.[13] It is manufactured
in a wide range of alloys and has applications in all sectors of world production and manufacture. Its
use spans many industries, including automotive, oil, mining, etc.

The purpose of this document is to assist the designer and engineer in understanding the family of cast
iron materials and to be able to utilize them with a more complete knowledge of their potential, among
the wide range of other engineering materials and fabrication methods now available. A considerable
amount pf the data provided are metallurgical, but It I1s usually the metallurgical aspects of the capt
irons that create misunderstandings when these materials are specified. Metallurgy is not one of the
scientifi¢ disciplines commonly taught to engineering students, so the material propertiesyof capt
irons arg not often well understood. Thus, such students often have a lack of knowledge regarding the
fundamgntals underpinning the material properties of cast irons.

vi © IS0 2023 - All rights reserved
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Cast irons —

Part 1:
Materials and properties for design

Scope

btter position to understand cast iron as a design material in its own right andcto’ correctly specify

1

This document provides information about cast iron materials so that users and designers|are in a
b

cast iron for suitable applications.

This document suggests what can be achieved, and what is not achievable when cast irons are $pecified
a$ well as the reasons why. It is not designed to be a textbook of cast iren metallurgy. It is jntended
to help people to choose the correct material for the right reasons-and to also help to obyiate the
specification or expectation of unrealistic additional requirements;which are unlikely to be|met and
which can be detrimental to the intended application.

[\

Normative references

—3

here are no normative references in this document.

O8]

Terms and definitions

z3]

br the purposes of this document, the following terms and definitions apply.

et

§0 and IEC maintain terminology databases for use in standardization at the following addregses:

- ISO Online browsing platform: available at https://www.iso.org/obp

- IEC Electropedia: available'at https://www.electropedia.org/

w

1
loying
ldition of elements such as copper, nickel and molybdenum to enhance hardenability

S )

312

apnealing

hgat treatment (3.17) that breaks down iron carbide (3.21) and pearlite (3.26) to produce ferritg (3.12)
3

a

3
nsferrite
cast iron matrix microstructure, produced by a controlled thermal process, which consists of
predominantly acicular ferrite (3.12) and high carbon austenite (3.5)

©1S0 2023 - All rights reserved 1
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austempering
<of spheroidal graphite cast iron> heat treatment (3.17), consisting of heating the castings to a
temperature at which austenite (3.5) starts to form during heating and holding a sufficient time for
carbon diffusion into the austenite, followed by cooling at a rate sufficient to avoid the formation of
pearlite (3.26), and transforming the matrix structure for a time and temperature (above the martensite
(3.23) start temperature) sufficient to produce the desired properties

Note 1 to entry: This process produces a microstructure that consists predominantly of acicular ferrite (3.12)
and high carbon austenite. This microstructure is called ausferrite (3.3). Examples of ausferritic microstructures

are given
[SOURCH

3.5

austenit
cast iror
tempera
unless tH
austenit

ausferritlic cast irons containing sufficient silicon to prevent formation of bainite (3.6)

3.6
bainite
cast iron
(3.4)

Note 1 to

3.7
carbon ¢
formula

3.8
compaci

in ISO/TR 945-3.
: 1SO 17804:2020, 3.3]

e

matrix microstructure, formed in cast irons immediately upon solidification' that at lowyg
fures transforms into ferrite (3.12), pearlite (3.26), ausferrite (3.3) and/or wiartensite (3.23
e austenite is stabilized at lower temperatures by either sufficient alloying-(3.1) with nickel
c cast irons, or by carbon enrichment in the austenite phase duringthe*austempering (3.4)

matrix microstructure that can form if a white iron with Jow silicon content is austemperé

entry: Ausferritic cast irons contain sufficient silicon to,prevent the formation of bainite.

bquivalent
based on the carbon and silicon contents ofimolten cast iron by thermal analysis

ed

stubby

spheroidal graphite irons

3.9
ductilit
elongati

Note 1 to

3.10
eutectic
point at

3.11

rm of graphite flakes providing material properties in between those of the grey arn

n measured on theétensile test piece following testing

entry: It is expressed as a percentage.

whichelements are present at a level where the lowest solidification temperature is reached

T

f

=

d

d

eutectic

cell

solidification mechanism in grey cast iron where cells form, each with its individual internal graphite
structure

Note 1 to

entry: These ultimately coalesce to form a uniform material.
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3.12
ferrite

cast iron matrix microstructure formed during slow cooling of austenite (3.5), provided that pearlite

(3.26) is not rapidly forming to consume the austenite

Note 1 to entry: The formation of ferrite is promoted by both slower cooling and higher silicon content. The
latter results in considerable substitutional solution strengthening of the ferrite. A new kind of ferrite, also
interstitially solution strengthened by medium carbon contents, is formed during austempering (3.4) into

ausferritic microstructures.

33

graphite flake

tyvo-dimensional appearance of the graphite form (3.14) in grey cast iron, when looking-atithe
structure through a microscope

3{14

graphite form

dpscriptor of graphite shape, which can define material properties
N

3

g

pte 1 to entry: It is shown in [SO 945-1.

15
raphite size
size of the free graphite, whether in the form of flakes, nodules, temper nodules or vermicular

pte 1 to entry: It can be quantified using the relevant cast irfoh type standard, and will have an effg
echanical properties of the final product.

5 =

pte 2 to entry: It is classified in accordance with 1SO 94541.

pte 3 to entry: Fine graphite normally provides better properties than coarse graphite.

16
ardening
pat treatment (3.17) that generally produces martensite (3.23) in the matrix (3.24)

17
lfat treatment
ermal process that remoyes internal stress or enhances properties

W S wWw zZ= =z

(=

18
ypoeutectic
pbmposition belowthe eutectic (3.10)

3|19
hypereutectic
cpmpositioh above the eutectic (3.10)

o5 W

w

20

material

craphite

bct on the

i- afulation
AIUTCUIativis

technique of adding inoculant to molten iron to enhance the graphite growth

3.21
iron carbide
iron and carbon in a combined form

EXAMPLE Fe3C.

3.22
iron-chromium carbide
complex carbide principally found in abrasion-resisting irons

© IS0 2023 - All rights reserved
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martensite
cast iron matrix microstructure formed from cooling any austenite (3.5) not previously transformed at
higher temperatures into ferrite (3.12), pearlite (3.26), bainite (3.6) and/or ausferrite (3.3)

Note 1 to entry: In contrast to these transformations relying on the diffusion of carbon and thus depending on
both temperature and time, the formation of martensite is diffusionless and is dependent only on temperature.

3.24

matrix

structurfl phases surrounding the grapnite in grapnitic cast irons and carbide in abrasion-Tresisung
irons

EXAMPLE Ferrite (3.12), pearlite (3.26), ausferrite (3.3), austenite (3.5) and martensite (3.23).

3.25

nodularijity

assessment of the proportion of spheroidal graphite particles in a cast iron sample

Note 1 tofentry: Nodularity is generally expressed as a percentage.

[SOURCH: ISO 945-4:2019, 3.5]

3.26

pearlite

cast iror] two-phased lamellar matrix microstructure composed of-alternating layers of ferrite (3.1%)
and cemlentite (Fe3C), formed by a eutectoid reaction durinig slow cooling of austenite (3.5) not
previoudly transformed into ferrite

Note 1 tofentry: The formation of pearlite is promoted by both.faster cooling and lower silicon content.

3.27

quenching

rapid copling of previously austenitized castiigs to prevent formation of ferrite (3.12) and pearlite
(3.26), cpoled either in a salt bath for subsequent austempering (3.4) into ausferrite (3.3) or in oil to
form maltensite (3.23)

3.28

relevant wall thickness

section hickness of the casting,.agreed between the manufacturer and the purchaser, to which the
determiped mechanical properties apply

[SOURCH: ISO 185:2020,-32, modified — “thickness” added before “section”.]

3.29

section sensitivity

change in mate¥ial properties that occurs due to variations in the solidification and cooling rates of capt
iron poufeddinto different wall section thicknesses

3.30

spheroidal graphite

graphite in spheroidal graphite iron that is present as spheroids as opposed to flakes

3.31

stress relieving
low-temperature heat treatment (3.17) that removes stress without affecting structure

3.32
temperi

ng

heat treatment (3.17) that enhances properties or relieves stress after hardening (3.16)
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3.33
temper carbon

graphite form (3.14) found in malleable iron with the appearance of “ragged” spheroids, also known as

“temper carbon nodules”

3.34
trace elements
elements that are present in small amounts

EXAMPLE Copper, nickel, molybdenum, vanadium, titanium.

Npte 1 to entry: Such elements can also be added for alloying (3.1) purposes.

4 Why use cast irons as an engineering material?

1 General

e B

he first questions that the designer and engineer will probably ask are:
—+ Canlusea castiron?

—+ Should I use a castiron?

— Which type and grade are applicable?

—+ What are the advantages?

D)

1 4.2 to 4.8.

—

412 Why use grey cast iron?
G

rey cast iron is sometimes called “flake graphite cast iron” or “lamellar graphite cast iron”. It
the largest worldwide tonnage of-allMcast irons produced, mainly because of its wide range

the highest thermal conductivity‘and vibration damping capacity among the range of cast iro
i why it is used in applications where these properties are important. Typical examples are au
phrts such as brake drunis,discs, clutch plates, and cylinder blocks and heads. Grey iron lacks
blit for parts where réquirements for ductility and impact resistance are low or unimportant

ange of applications@an be found. These include, for example, the manufacture of machine t
5 lathe beds, whére slideways can easily be surface hardened and the self-lubricating propert

—

== T M~

hless theretare ductility requirements, or the design requires ultimate strengths in excess of

413 _Why use spheroidal graphite cast iron?

eneral information on the cast iron types currently, standardized in International Standardj

is given

provides
b of uses

within general engineering, its ease of casting and machining, and its cost advantage. The ma:Lerial has

s, which
fomotive
ductility,

, a huge
ols such
es of the

aterial are advantageous. This highly versatile material can be considered for a potential apjplication

850 MPa.

S . = . « . . ” « . . ”

benefit

of ductility as well as strength, which is why it is often considered to be a material superior to grey
iron. Its main disadvantage in this respect is that it does not have as high thermal conductivity as grey

iron and is not normally used where this property is important. A large number of spheroidal
iron grades are available to the designer, based on the fact that as tensile strength increases,

graphite
ductility

decreases. Thus, the designer has the opportunity to utilize different combinations of tensile/ductility
properties, depending upon the application. The lower-strength grades with high ductility also have
good impact properties at low temperatures and, for this reason, spheroidal graphite iron is increasingly

being used to produce cast parts to replace steel fabrications. Large tonnages of spheroidal

graphite

iron are used to produce centrifugally cast pipe for water and sometimes gas transportation, but the
majority is used in general engineering applications where its considerably higher tensile properties,

compared with grey iron, are of advantage.
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4.4 Why use ausferritic spheroidal graphite cast iron (austempered ductile iron, ADI)?

The austempering heat treatment carried out on a conventional spheroidal graphite cast iron enhances
its properties to produce a range of grades with exceptionally high tensile strengths. The highest tensile
strength grade, with a high hardness, allows it to be used in abrasion-resisting applications. As with
all spheroidal graphite iron materials, increases in tensile strength and hardness are accompanied by
decreases in ductility. This allows for a wide range of properties that can be exploited. Tensile strengths
up to 1 600 MPa, hardnesses greater than 400 HBW, and tensile elongations up to 10 % are possible
(although not all three 51multaneously 1n the same grade of material). These mechanlcal propertles
also resy y /
bending ppllcatlons Certaln ausferrltlc grades exhlblt good toughness and impact propertles even.at
sub-zerg temperatures and/or high strain rates.

Additional variations of ausferritic spheroidal graphite iron include carbidic austempered: ductile
iron (CADI), interrupted quench ausferritic spheroidal graphite iron and intercriticaly ausferritjc

are produced to further improve the abrasion resistance of standard grades of @ausferritic spheroidal
graphite|iron by either austempering spheroidal graphite iron with a controlled volume of carbidgs
or using|a shortened quench time, respectively. Applications include agricultural components such gs
plough points and tillage tine where abrasion resistance combined with*some toughness is needef.
Intercritjcal ausferritic spheroidal graphite iron is produced by modifying the austempering process to
produce j final microstructure that contains a controlled volume of pfoeutectoid ferrite. This is done fo
improve|post-heat-treatment machinability.

Although International Standards exist only for ausferritic spheroidal graphite iron, grey iron and
compactped graphite iron can both be austempered. This is.done to improve tensile strength and wear
propertips, as well as vibration and noise damping propexnties of as-cast grades.

4.5 Why use malleable cast iron?

There ate two different types of malleable*cast iron, blackheart and whiteheart (see 9.1). The
blackheqrt grades have properties similar to'the ferritic spheroidal graphite irons and the materials
have traditionally been considered interchangeable in most general engineering applications. The
whiteheart malleable grades are still used to produce traditional thin section castings, particularly
fittings quch as hinges and locks. Its:usage is more typically confined to the production of thin sectign
castings|where the heat treatment/process can be adjusted to completely decarburize the materigl,
allowing for welding to steels,

4.6 Why use compacted (vermicular) graphite cast iron?

Compacted graphite<cast iron, also known as “vermicular graphite iron”, has applications for
compongnts whichyrequire additional strength, stiffness and ductility over and above that offered hy
grey iron. Typiealapplications include cylinder blocks and heads, brake drums and brake discs, punip
housingg, hydraulic components, and cylinder liners. The benefits of the material are that it provides
higher tensile strengths and some ductility compared to grey iron. The thermal conductivity and
vibration damping properties are between those of grey iron and sphneroidal graphnite iron. 1hese are
also influenced by the compacted graphite morphology and the metal matrix microstructure.

4.7 Why use austenitic cast iron?

The austenitic cast iron, also known as “Ni-hard” or “Ni-resist”, is a family of materials that provide
corrosion resistance, heat resistance or a combination of both. Austenitic irons are often compared with
stainless steels when a design is being considered. One specific application for which the austenitic iron
grades are considered is where the component to be produced needs to be non-magnetizable and other
properties are of secondary importance. Both grey and spheroidal graphite iron grades are produced;
the spheroidal graphite iron grades exhibit superior tensile properties to the grey iron grades. These

6 © IS0 2023 - All rights reserved
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materials vary widely in their metal composition to meet a broad range of applications; in general, the
most arduous applications are met by those grades containing the highest nickel content.

4.8 Why use abrasion-resistant cast iron?

The abrasion-resisting cast irons are a range of hard materials that compete with other alloys such
as manganese steel, mainly in wear-resistant applications including in mining and extraction
industries, such as slurry pumps, and in more generalized applications such as in the operation of shot-
cleanlng plants Thus they are rlghtly con51dered to be a consumable item Where the rate of wear or

g e55Feg re-th 33 enerally
S eaklng, they tend to be less expensive and easier to manufacture than the abra51on re51st1 ng steels
ith which they are usually compared. They perform well in a variety of applications @nd chnnot be
cfsually dismissed as the material of choice in any application that requires abrasion resistgnce. The
effectiveness of any abrasion-resisting material is highly dependent upon the materials it is i contact
ith and the circumstances under which it is required to perform. For example; slight chlanges in
the composition of an ore in an extraction application, and even its water conitent, can significantly
jfluence the wear rate.

—

5 Overview

91

1 General

Chstirons have specific properties that make them usefuldnaterials in many applications.

5|2 Recent changes in standardization

I§0/TC 25 is the International Technical Committee responsible for the development of the following
Igternational Standards for cast irons:

-+ IS0 185:2020[1;

- 1S0945-1:201912];
-+ ISO/TR 945-2:2011[3];
—+ ISO/TR 945-3:201604];
—+ IS0 945-4:201915);
-+ 150 1083:201816%;

- IS0 28922007171,

-+ 1S0.5922:2005[8];

— 1S0 16112:2017019];

— SO 17804:20201LL;
— S0 21988:2006[12];

A majority of these standards have been revised or created since the first edition of this document
in 2009. These International Standards include annexes of additional information about material
properties, which are not requirements of the standards, but which provide helpful technical and
application information to designers and engineers.

The seven International Standards for cast iron materials encompass a huge international tonnage. In
1999, reported world production reached 49,3 million tonnes/annum, and this figure had increased to
74 million tonnes/annum in 20201131, The trend is continuing for cast irons utilized in the manufacture
of a wide variety of different components ranging in mass from a few grams to more than 100 tonnes.
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The International Standards for cast irons detail the properties of seven individual types of cast iron
material in order to enable selection of the most appropriate material for the application. Table 1
provides an approximate ranking of properties to lead the user to the relevant International Standard.
It also compares one cast iron material type with another but does not compare the cast irons with
other materials. For example, if a cast iron with high strength and ductility were required, then an
examination of ISO 1083 or ISO 17804 would be beneficial. The individual grades within these two
International Standards can then be consulted to find the most appropriate one and to determine
whether the other, unspecified properties in the annexes are beneficial or detrimental to the application.

Ta'ﬁlc 1 chcn al lJl UPCI t_y ) | au}\;uso fUl \,aot ;l UI1o
P ISO 185 ISO 1083 | ISO 17804 | 1SO 5922 lgO 16112 ISAO 2892 i\sl()) 21.988
rqperty Grey Spheroidal | Ausferritic | Malleable ompact- uste- pasion-
ed nitic resistang
Tensile sfrength W WW WV VWV VWV VWA N/A
Yield strgngth V VWV VWVW VWV W KV N/A
Elongati¢n v VW VWY VW W VWY N/A
Impact r¢sistance N VWV VWV VWV v VWV W
Low temperature
mechanifal W WW | WA | W W WY J
propertigs <0 °C
High ten]perature
mechanifal N VW N/A N/A W VWAV N/A
propertigs > 450 °C
High strdin rate N/A VW VWV N/A N/A N/A N/A
rhevmall A VWY VWY WW | VW v
y
Thermal|expansion W W W W W VWV v
Abrasion resistance W W W v W W WWWY
Corrosion J W W W W | W | WY
Castability VAWV VWA VWY W VWY W VW
Machinapility VWV VR W VW VWY W v
Weldabilfty v W V WV W W N/A
Key
v l.ow
W Average
VWV High
VWV ery high
VWWWY Highest
N/A mot applicable
NOTE 1 Rankings are based on choosing the grade with optimum properties within each standard, see Clauses 6 to 12.
NOTE 2 Weldabilty of grades in ISO 5922: JMB grade: = V¥V, JMW grade: = VVVV, JMW-S grade: = VVVVV.

Table 2 provides data on typical applications (the list is not exhaustive). Table 2 can also help the
designer and engineer to select the most appropriate International Standard, and ultimately the choice
of the grade within it.
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Table 2 — Typical mechanical property ranges and example applications for cast irons

Standard Description
Minimum tensile strength range 100 MPa to 350 MPa, elongation < 1 %.
1SO 185 Wide range of general engineering parts: pumps, valves, compressor bodies, machine
Grey tools, cylinder heads, cylinder blocks, cylinder liners, brake drums and discs, clutch

plates, press tools, street furniture.

Minimum tensile strength range 350 MPa to 900 MPa, elongation range 2 % to 22 %.

1SQ1083 Wide range of general engineering parts requiring higher strength, elongation and
Ypheroidal fatigue properties than grey iron: crankshafts, hydraulic parts and valves, pumps,
steering knuckles, suspension components, axle boxes, exhaust manifolds, turbo
charger housings, wind turbine components.

Minimum tensile strength range 800 MPa to 1 600 MPa, elongation range 1 % to 10 %.

160 17804 Castings requiring very high strengths with good elongation, toughress’including high
Ausferritic strain rates and low temperatures, fatigue and abrasion resistance properties:
suspension components, gears and cams, crankshafts, differential'and planetary
housings, pneumatic and hydraulic parts.

Minimum tensile strength range 270 MPa to 800 MPa, elongation range 1 % to 1€ %.

IF0 5922 Wide range of general engineering parts requiring lligher strength, elongation an|d fatigue
Malleable resistance with some grades weldable: pipe fittings, Suspension components, geaf cases,
universal joints.

Minimum tensile strength range 300 MPa.te 500 MPa, elongation range 0,5 % to 2 %

IBO 16112 Components requiring good thermal cohductivity in conjunction with higher strgngth
(ompacted than grey iron: ingot moulds, cylindérheads, cylinder blocks, cylinder liners, brake drums
and discs, hydraulic parts.

Minimum tensile strength range\140 MPa to 440 MPa, elongation range 1 % to 25 %.

I50 289_2_ Parts requiring corrosion and;heat resistance, some grades being non-magnetizable:
Austenitic pumps, manifolds, gas turbine housings, turbochargers, refrigeration components,
compressors.

Minimum hardness range 340 HBW to 630 HBW
IF0 21988

Abrasion-resistant |Castings requiking high abrasion and impact resistance: rock crushers, grinding balls,
digger teeth, shot-cleaning wear-plates, pumps and valves carrying abrasive liquids.

here is often a communieation difficulty between casting producers and the engineers and designers
mployed by their customers over the understanding of the cast iron material properties beydnd those
[ the normative requirements of the specific International Standard. This can lead to conffusion, a
bod example of which is the phenomenon of section sensitivity in grey irons, where, depending on the
¢ction thickness)the mechanical properties in the casting can be either worse or better than those in
¢parately cast test pieces. Even experienced engineers are sometimes unfamiliar with the properties
Fthe cast/irons, leading to either an underestimation of the true potential of the material or unprealistic
kpectatioilfs of it.

09 O ® —3
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component, thus reducing the total cost, mass and supply chain complexity.

5.3 General microstructure of cast iron

Generally, iron-carbon compositions with up to 2,0 % carbon are called “steel”. When carbon content
exceeds 2,0 %, it is called “cast iron”.

Plain carbon steels are iron-carbon alloys where the carbon content dictates the main properties
and other elements are generally at too low a level to be of major significance. Up to 0,02 % carbon
content, the material is soft ferrite. As the carbon content is increased, increasing amounts of pearlite
are formed, which is harder and stronger, such that at about 0,8 % carbon content the structure is fully
pearlitic. Raising the carbon content results in increasing amounts of iron carbide, e.g. cementite, which
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is hard and brittle, thus increasing strength and reducing elongation. Above 2,0 % carbon content, the
material is called “white cast iron” and comprises a mixture of pearlite and carbides. It is this structure
(a mixture of pearlite and iron carbide) that forms the basis of the manufacture of the abrasion-resistant
irons and malleable irons; although, refinements to metal composition and the use of heat treatment
are required to meet the specified requirements of their respective International Standards.

The International Standards for most cast irons require the majority of the carbon content to be present
in the form of graphite. This is achieved by the addition of at least 1,7 % silicon, which promotes carbon
in excess of the solubility in iron to form graphite in the stable Fe-C phase diagram, instead of iron

carbide i

n the metastable Fe-C phase diagram, which is common for steels.
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hs contain flake (lamellar) graphite, which is the default graphite form that occurs durif
tion. Spheroidal and compacted irons are produced by deliberate modificatiomof tH
tion mechanism, usually by an addition of magnesium. Rare earth elements are also-tsed 3
ment agent, either alone or in combination with magnesium.

Ge of the austenitic irons and abrasion resistant irons, high levels of other alloying elements aj
bd to produce the required metallic matrix microstructures and resulting material propertie
ic irons are both alloyed (for hardenability purposes only) and heat treated, in order to obta
rritic matrix. These are standardized for spheroidal graphite irons but can also be applied fi
bd graphite irons and grey irons.

htments can be applied to all cast iron materials, either as part of the production route, {
properties, or to stress relief in complex components.

ary, there are seven cast iron types, each broadly described as follows:

iron: Cast iron with a flake (lamellar) graphite form, usually in a pearlitic matrix except f

fment unless stress relief is applied to ensure dimensional stability. Austempering grey iron {
uce an ausferritic matrix results in increasing strength, vibration and noise damping, and wejg
tance.

roidal graphite iron: Cast iron with\the solidification mode modified to produce graphite
roids as opposed to flakes. The-grades range from fully ferritic to fully pearlitic matrice
ding three recently developed—solution strengthened ferritic grades. Heat treatment
btimes used to produce the ferritic grades, particularly LT grades requiring high impact values

pat treated using processes similar to steel such as normalizing or quench and tempering. In
fempering process, spheroidal graphite iron can be quenched in a salt bath to avoid potenti
king associatedwith conventional quenching, followed by air cooling and tempering. Quenchir
alt bath can@lso be used to obtain a perferritic microstructure using an isothermal ductile ird
process,-A&tress relief can subsequently be applied, if necessary. Irons can also be quenchg
balt bath.above the martensite start temperature to avoid martensite formation or a temperiy
irement (IDI). As a result, cracks that can potentially form due to nonuniform transformatia
ciated with conventional quench and tempering can be avoided. Stress relief can be applied

emperature. Ferritic-peaflitic grades can be produced by avoiding pearlite-promoting element
in the composition as well as.wsing the appropriate heat treatment. The highest-strength grades cg
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— Ausferritic iron: Spheroidal graphite iron deliberately subjected to an austempering heat treatment
that enhances material properties, producing an ausferritic matrix containing graphite spheroids.
Alloy additions (copper, nickel, molybdenum) can be required for hardenability purposes to ensure
the formation of ausferrite in thick sections.

— Malleable iron: There are two types of malleable cast irons, termed “blackheart” and “whiteheart”.
They are deliberately produced with a low silicon level to produce iron carbide and are then heat
treated to break down the carbide and form graphite, as ragged spheroids usually known as
“temper carbon nodules”. The grades range from fully ferritic to fully pearlitic. The material can be

oil q

10

uench and tempered to produce the highest strength grade.
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— Compacted graphite iron: Cast iron with the solidification mode modified to produce worm-like or
vermicular graphite, usually with a small percentage of spheroidal graphite present. The grades
range from those containing mainly ferritic to fully pearlitic matrices. The same heat treatments as
described above can be applied to compacted graphite iron. However, this material is not typically
heat treated unless a stress relief is required.

— Austenitic iron: Cast iron with an austenitic matrix that is alloyed with nickel to be stable down to
sub-zero temperatures. It contains grades with either graphite flakes or spheroids, used in special
applications.

Abrasion-resistant iron: Cast iron with a microstructure that consists essentially of |carbides
typically in a matrix of martensite; bainite or austenite can also be present. Heat treatment can be
employed to achieve the desired matrix microstructure.

5|4 Section sensitivity and the effects of relevant wall thickness on material properties

Section sensitivity is one of the most important phenomena to be understood\with regard to cast iron

aterial properties. Most engineers expect that the same properties will’be obtained over the entire
csting independent of wall thickness, and in both the castings and the test pieces poured with them.
This is largely the case with steel and many other alloys, but is not thie fase with cast iron, foif reasons
r¢lated to the section sensitivity.

The expression “section sensitivity” is used to explain wall thickness dependent properti¢s of the
csting and the relationship between the results from the(Separately cast test piece used to| confirm
the tensile properties of cast iron materials and the tensile properties in the casting. These properties
cually differ. This is a very important aspect of desjgniwith cast iron materials and is relatgd to the
ffects produced on material structure, resulting from different rates of solidification in| varying
hsting sections.

[

br validation of properties in the relevant walbthickness of interest (e.g. where high design loads occur),
he option is to cut a sample from the casting (except for single castings). Most material standards
Fovide informative (typical) data for thie)casting itself. For spheroidal graphite irons and aysferritic
pheroidal graphite irons, ISO 1083:2048, Annex D, and ISO 17804:2020, Annex E, give guidang¢e values
or mechanical properties in samples.cut from the casting, divided in ranges of relevant wall tJ\ickness.

'S O T

%)

=

I thin section castings, the solidification will be rapid, whereas in thick sections solidification will
be slow. Thus, depending on\the section thickness, there will be differences in the graphite form and
size, and possibly in th¢ mratrix structure. These effects result in differing mechanical ptoperties
within the various casting sections. The effects of section sensitivity in grey irons are dominatgd by the
flake size and are less)pronounced in compacted irons. In contrast, the tensile properties of cpst irons
cpntaining graphite)spheroids are mainly controlled by the matrix. Blackheart malleable iron$ and the
abrasion-resistant irons are the least sensitive to section size. The effects of wall thickness of weldable
whiteheart malleable irons are influenced by the decarburization process (see 9.2 and 9.7).

p—

the International Standards for compacted irons, spheroidal graphite irons and ausferrific irons,
test pieces are required, machined from either separately cast, cast-on or side-by-side cast [samples.
Thisharrangement more closely replicates the properties of the wall thickness to which the¢ sample
is attached, provided that the correct size of test piece is used. Tables in the various International
Standards for cast iron specify the required mechanical properties, depending upon the relevant wall
thickness. In addition, guidance values for mechanical properties measured on test pieces machined
from samples cut from the castings are provided in informative annexes.

5.5 Understanding hardness

Standards do not always specify hardness, although informative data are sometimes provided for the
various grades. Customers, on the other hand, commonly specify hardness ranges required for their
components. Hardness does not guarantee the final microstructure of a casting which, in turn, will
determine the mechanical properties. However, hardness at a specified location on the casting is a useful
tool to determine if a casting will meet mechanical requirements providing that the manufacturing
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process is capable and carefully controlled. The relationship between mechanical properties of the
casting and hardness can be established in the first sample stages.

ISO 185 contains special hardness-only grades which are normative and do not require tensile strength
validation. It is now possible to specify castings according to a mandatory hardness grade or to be
produced according to a tensile strength grade where the customer mandates an additional hardness
range to be met.

It is important to clarify how the section-sensitivity phenomenon affects hardness. For example,
the flake (lamellar) graphite in grey irons is coarser in thick sections than in thin sections, which is
determijed by the cooling rate during the liquid to solid transformation. The matrix can also, Be
affected py different cooling rates in the solid state; thus, thick sections will be softer than thin sectionis.
An illustfration is given in ISO 185:2020, Table 2, which takes this situation into account by speeifying
the hardness range of 40 mm to 80 mm sections and providing anticipated values in other,-thinn¢r
sections) Additional information regarding the section sensitivity in relation to hardness/is given n
[SO 185:2020, Annex C.

An impoftant point to note for all cast irons is that they are metallic materials with graphite, or in the
case of the abrasion-resistant iron grades, with carbides, in a steel-like matrix.<For this reason, it fis
inappropriate to use a hardness tester with an indenter smaller than 5 mm-in diameter. The usually
specified test apparatus is a Brinell hardness-testing machine fitted withca;30 mm ball and 3 000 kg
load (10f3 000) as this provides the most accurate reading. For thinner sections, a 5 mm ball and
750 kg lgad (5/750) are applicable. Rockwell, Vickers and other hardness-testing apparatus with smgll
indenterf and light loads give inconsistent results and usually cause confusion.

When hardness is specified, the hardness range needs to be realistic in considering normal variations |n
the matdrial and/or the process. Grey iron (typically pearlitié):and ferritic-pearlitic spheroidal graphife
cast iror] are sensitive to the casting wall thickness. In gféy iron this is dominated by the flake size
and the pearlite lamellae spacing. In ferritic-pearlitic spheroidal graphite iron, the hardness variatign
is primarily caused by the ferrite-pearlite ratio and the pearlite lamellae spacing. The process stabilitjy,
which is|influenced by the metal base quality, the itnoculation practices and the shake-out time (the
temperature of the casting when removed from. the mould) also play a fundamental role.

Spheroidal graphite iron with a uniform wall thickness can be successfully produced with an optimum
combinafion of strength and elongation{when the process is managed within an appropriate Bringll

a JL/250|grey cast iron material welild typically have a hardness range of 187 HBW to 241 HBW. For|a

the grad and matrix. The lowesthardness variation is obtained in fully ferritic matrices. For abrasion-
irons, the 51tuat10n s somewhat dlfferent because the mlmmum hardness is specified. |It

The mosf important{point of all is that if castings are specified to be hardness tested, then the hardness

5.6 Heattreatment

Some of the materials specified in the International Standards for cast irons require special heat
treatment operations to be carried out on the components as part of the production process; the
manufacture of ausferritic and malleable irons require heat treatment according to 8.2 and 9.3,
respectively. Other cast iron types can require heat treatment processes for remedial reasons, as is
allowed in the relevant International Standards, or to help achieve the requirements of the grade. Heat
treatments applied to cast iron are listed in Table 3.
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Table 3 — Heat treatments applied to cast irons

Process Temperature? Subsequent process
Annealing T>Az Slow furnace cooling to below 200 °C.
Austemperin
P .g T>Azs Quenching to avoid pearlite transformation of the austenite to a
— conventional ¢ temperature above the My, followed by isothermal transforma-
. " Az>T>Ay tion to ausferrite, without versus with proeutectoid ferrite.

— intercritical
Quenching to transform the austenite and proeutectoid ferrite
o perferTite (Matr X STructure composed by ferTite and pearl-

Ipotherming? As3>T>A4 ite formed at a high rate of eutectoid transformation) unfiformly
in thin and thick sections, while maintaining the castingata
temperature above the M.
Air quench outside the furnace, sometimes uging cooling fans for

Normalizin Ts A larger castings. A subsequent temper can.be\iecessary tojrelieve

§ c3 residual stresses formed on cooling or to.achieve the final

hardness target.

qil quench and temper T>A ngnch in oil and then temper atlatemperature to achieye the

¢ desired hardness.
Stress relief 550 °Cto 650 °C |Slow cooling to below 200,%€:

completed during heating.

— o

3l The process IDI is patented in several countries. For more information, see'Reference [23].

A, is the temperature where austenite starts to form during heating.4_; is the temperature where austenite

formation

5|7 Welding
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hst irons have superior castability when compared with other cast metals of similar
therefore finishing welding is not common. There is a common misconception that cast iron ¢
elded. In many internal company specifications, contract requirements or international star]
if specifically disallowed in the belief thatya weld will act as a stress raiser and contribute to

hile some cast irons do not respond well to welding, others need special considerations r
cceptable techniques. With the exception of the weldable malleable whiteheart iron, ma
elding using steel rods (typically employed for steel welding purposes) can never be use
eldment will not have lgng-term integrity and can result in catastrophic failure of the casting.

hgineers and designers would be wrong, however, to dismiss a welding operation out of hand
pnsideration of the reliable possibilities. These fall into two categories, namely: finishing
¢ remove unwanted imperfections and joint welding of cast iron to other materials as
dbrication. As/with all repairs or finishing welding, the question arises as to whether weldin
'fective or-whether it is more sensible to produce a replacement casting. This is particularly tH
the manufacture of large numbers of small castings. The welding processes for cast iron are d

6 1SO 185, Grey cast irons

6.1 Overview
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The properties of grey cast iron, also known as “flake (lamellar) graphite iron”, are specified in
ISO 185:2020, Tables 1 and 2. The structure of grey iron contains graphite flakes in a predominantly
pearlitic matrix is shown in Figure 1.
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Magnification x 300 &Q‘

Figure 1 — Flake graphite in a pearlitic mg{\m

In reality, the solidification of grey iron involves the formation @tectic cells; each cell contains ifs
own conftinuous graphite skeleton. Figure 2 shows a stereo-photograph of the surface of a grey irgqn
eutectic fell, after all of the metallic matrix has been etched a@ to leave the graphite structure.

R\
\

y

ha iq ‘ Ji
§ Magnification x 350

R

) Figure 2 — Deep-etched structure of the graphite in a eutectic cell

The eutectic cell structure can often be seen on machined surfaces, particularly when the finish is fine;
this is often misconstrued as being a discontinuous and defective structure. In reality, it is quite normal
for the material. It is caused by the machining operation slicing off the top of the cells to expose a section
through them, outlined by small amounts of trace elements, such as phosphorus, in the material.

Figure 3 illustrates a typical grey iron eutectic cell structure as revealed by a specific etching.
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Magnification x 25 O\
N

Figure 3 — Eutectic cell outline oQa ine surface

Alcomplete eutectic cell is illustrated in the schematic diagram shown in Figure 4. It not only il
a|three-dimensional image of the geometry of the hite within a cell, but also how a sli
agross it during machining or metallographic pr tion in the laboratory exposes an appar
graphite form. $
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Figure 4 — Schematic of the cut top of a eutectic cell

The volume of the graphite present is primarily dependent upon the carbon content, while the eutectic
cell size and number of cells determines the size of the graphite flakes. These factors largely determine

the mechanical properties of the material.
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6.2 Effect of structure on properties

When flake (lamellar) graphite is present, the amount and distribution have a major effectin determining
the mechanical properties. Low-tensile-strength grey iron generally contains relatively large quantities
of coarse graphite flakes, often in association with ferrite in the matrix. Tensile properties increase as
the quantity of graphite decreases, as the graphite becomes finer, and as the amount of ferrite in the
matrix is reduced, although the last factor has the least influence. Higher strengths are obtained by
lowering the carbon and silicon contents (the carbon equivalent, see 6.3), by using good inoculation
techniques and, where appropriate, by alloying with pearlite-promoting elements.

NOTE In grey iron it is the graphite, rather than the continuous metal matrix, that largely dictates the tepsile
propertigs.

6.3 Metal composition and carbon equivalent

ISO 185 ¢oes not specify metal composition requirements. Metal composition is left to the’discretion pf
the manfifacturer, who will adjust the composition in order to meet the specified tensile requirements.
Pearlite-promoting elements can be used to increase the amount of pearlite in the‘matrix, but the major
control factors are the carbon and silicon contents. These contents are often“evaluated in terms pf
carbon-gquivalent stable eutectic (CEE) measurement using a thermal analysis' technique. The CEE, |n
per cent]is calculated using Formula (1):

CEEL100x( c+ L4+ 2 6}
3,2 3

Except for JL/100 and JL/150, all other grades have hypoeutectic compositions. Reducing the carbgn
and silicpn levels increases the tensile strength, as shown in, Table 4.

In most |[foundries today, the phosphorus content is low and consistent, such that the level can hje
inserted|into thermal analysis apparatus. A precise>carbon content can be obtained, and the silicqn
content ¢an be derived to within £0,15 % by automatic calculation. Those grades specified only on the
basis of hardness (allowed in ISO 185) will requike a CEE that is dependent upon the agreed thickness pf
the castipg at the location of the test.

Table 4 — CEE ranges for ISO 185 grades

Material deésignation Typical CEE range
SO 185/JL/100 4,0 to 4,2
1S0,185/JL/150 4,0 to 4,2
SO 185/]JL/200 3,8t04,0
1SO 185/JL/225 3,7t04,0
[SO 185/JL/250 3,6t03,8
ISO 185/JL/275 3,5t03,7
1SO 185/]L/300 3,4t03,6
1SQ 185/J1./350 34t036

The ranges in Table 4 assume good inoculation to provide a high level of nucleation and a satisfactory
graphite form. The ranges will enable the minimum tensile strength requirement of each grade to be
achieved in separately cast samples of diameter 30 mm. These CEE ranges will not necessarily give the
same properties in the casting, however, due to section-sensitivity issues.

6.4 Graphite form, distribution and size

The graphite precipitates in different forms, distributions, and sizes depending on the solidification
rate and the efficiency of inoculation.
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The graphite form and size (as opposed to volume) are principally determined by the rate of
solidification and the number of eutectic cells. The rate of solidification is basically a function of the
section size. Heavier sections solidify more slowly than thin sections and therefore contain fewer, larger
eutectic cells and coarser graphite. Generally, the number of eutectic cells increases, and the graphite
distribution becomes finer when an inoculating addition of silicon and other elements is made just
prior to pouring the molten iron into the moulds. If inoculation practice is poor, less desirable graphite
distributions result, but if inoculation is good, the graphite distribution is optimized, and better tensile
properties are obtained. ISO 945-1 characterizes the graphite into five distributions, as shown in

Figure 5.

The five distributions of graphite are as follows:

Type A graphite: Uniform distribution and an apparent random orientation. Normal injwell-j
and inoculated materials.

Type B graphite: Rosette graphite. Typical of a moderate rate of cooling and not uncommo
rapidly cooling surface areas of the casting. Can be indicative of less than perfect inoculati

Type C graphite: Primary graphite. Occurs in hypereutectic irons, that is, those with CE
greater than 4,25. Present in heavy sections as coarse plates and-in light sections as clug
star-like shapes.

Type D graphite: Undercooled graphite. Normally associatedywith rapid rates of cooling §
common in thin sections, particularly if the inoculation pfactice is less than perfect.

Type E graphite: Interdendritic graphite with preferential orientation. Normally occurs in
hypoeutectic irons, that is, those with low carbon.equivalents and solidified with a low or 1
undercooling, generally with higher cooling rates.
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Figure 5 — Reference diagrams for graphite distribution

ISO 945-1 also divides graphite into eight sizes, with size 1 being very coarse and size 8 being very
fine. Thus, the graphite form and size can be specified if necessary. The most common specification
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for the graphite form and size of grey iron, which is sometimes appended to the grade requirement, is
ISO 945-1:2019, Type A, size 4 to 6. However, because of section-sensitivity issues in castings of varying
section thickness, it is necessary to agree on the location and depth at which the test is made.

6.5 Section sensitivity

The ISO 185 grey iron is the most section-sensitive of all the cast iron materials, and it is essential
that this be taken into account during the design calculations that predict actual performance in
service. A separately cast test plece ofumform dlmen51ons is used to determlne the precise mechanlcal

ektract from which is shown in Table 5.
Table 5 — Extract from ISO 185:2020, Table 1, relating to section sensitivity (relevant wall
thickness)
Tensile strength Relevant “r’:rlrll thidgmess Tensile $trength
Material (mandatory values in (anticjpated
designation separately cast valupgs in
samples) castlngs)
MPa up to and MPa
minimum vAd including minimum
2,5 5 180
5 10 1%5
10 20 130
ISO 185/JL/150 150 20 40 110
40 80 9
80 150 te!
150 300 -+
5 10 250
10 20 225
20 40 195
ISO 185/]L/250 250
40 80 170
80 150 1%5
150 300 -+
10 20 315
20 40 280
[S6+185/JL/350 350 40 80 250
80 150 225
150 300 —

6.6 Effect of alloying elements

Alloying elements are sometimes added to grey iron in order to ensure a fully pearlitic matrix in the
higher-strength grades. These alloying elements are normally copper or tin, both of which promote the
formation of pearlite. Chromium is sometimes added; although it does assist in the formation of pearlite,
it is a powerful promoter of eutectic carbide and thus needs to be used with caution. Users sometimes
ask for the addition of such elements over and above the normal requirements of the standard, in
the mistaken belief that further improvement in properties will result. It must be understood that
when the matrix is fully pearlitic, further additions of pearlite-promoting elements generally have an
adverse effect on properties. For example, tin promotes embrittlement, and in a fully pearlitic matrix,
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chromium can only promote carbide. Nickel, an element commonly demanded in low amounts (up to
about 2 %) in the belief that properties will be enhanced, has a zero effect upon properties in grey irons
until the level present approaches the point where an austenitic matrix is formed. In general terms,
the higher-strength grades are achieved with a fully pearlitic matrix and, most importantly, with well-
formed graphite flakes resulting from good inoculation, rather than by the introduction of unnecessary
alloying elements.

6.7 Heat treatment

The he + trnotionnte ond for gy ococt v v ctrnacce rolinyzing anpnaoling oo lioing r\v!d
et et S a0 g rey—ttasSt—irot—are—S5treSs—Terevit s, —ahaheart s, horiadZhE—at

austempgring.

The modt common heat treatment applied is stress relieving. A problem that can be encountergd
is dimer|sional change and/or distortion during or after the machining operation. These. changes
are usudlly caused by the presence of internal stresses in the casting created by differing rates pf
solidificdtion and cooling in thick and thin sections, the presence of cores to prodiice the internal
casting geometry, excessive shot cleaning, etc. Machining operations can change 'the distribution pf
these stifesses and cause distortion of the casting. Undertaking a stress-relieving-eperation can solye
the problem, provided that there is sufficient material left for the final cut.

Annealirjg can be requested to improve machinability rather than to increase mechanical propertie
Normalifing treatments are used to ensure a fully pearlitic matrix, in thick section castings where slow
cooling Has resulted in a ferritic matrix, or to remove hard, unwanted carbide.

g

The thickest section of the casting determines the holding time at\a temperature for all heat treatments.

In additipn to the grades listed in ISO 185, grey iron can be austempered to increase tensile strength yp
to 400 MPa (depending on graphite structure) with a cogr€sponding improvement in wear resistance.
The mictostructural refinement from the austemper heat'treat process further improves the damping
capacity|of grey iron.

6.8 Choosing the grade

The grades available in ISO 185 range frem:a 100 MPa tensile strength material with a mainly ferritjic
matrix, ijncreasing in up to a 350 MPa tensile strength material with a fully pearlitic matrix. All of the
grades hpve a defined minimum tensile.strength as indicated in ISO 185:2020, Table 1, but arequirement
regarding the maximum strength(is also defined in ISO 185:2020, 7.2.1, and is often missed. For eagh
grade, tHe maximum tensile strength is no more than 100 MPa above the minimum, e.g. grade JL/2(0
has a terjsile strength betweén 200 MPa and 300 MPa. This is to prevent a situation in which a grade s
supplied|that has a tensile strength substantially higher than the minimum, but with adverse effects dn
most of tthe other properties.

The lowgst-tensile-strength grades JL/100 and JL/150 have the highest carbon content and thus the
highest thermal ¢onductivity and damping capacity. These grades are useful in situations where tensile
strength|and hardness are not the crucial properties in service. Castings produced in these grades afe
likely to|be‘tsed in conditions where thermal conductivity and damping capacity are more important
than meg¢hanical strength. The high content of graphite in these materials also imparts good lubricatgd
bearing properties, provided that the environment does not include abrasive debris, e.g. sand particles,
that can score and wear the soft matrix.

The intermediate-tensile-strength grades JL/200 to JL/275 have lower carbon content resulting in
mainly or completely pearlitic matrices. The thermal conductivity and damping capacity remain good,
and the higher-tensile strength and hardness values, within this range of grades, provide superior wear
properties. These grades, therefore, find a large number of applications in general engineering castings,
such as pumps and valves, machine tool beds, and particularly automotive parts such as cylinder heads
and blocks, brake drums and discs, and clutch plates.

The highest-tensile-strength grades JL/300 and JL/350 provide a combination of high strength while
still maintaining good thermal conductivity compared with other types of cast iron. These grades
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approach the maximum tensile strength attainable in grey iron. Applications, therefore, tend to
be confined to those where thermal conductivity requirements in service preclude the use of one of
the other higher-strength materials such as spheroidal graphite irons, which have inferior thermal
conductivity.

All the ISO 185 grades have elongation limited to a maximum of about 1,0 % and poor impact properties.
This makes grey iron unsuitable for use where ductility is required. Compression strengths are,
however, much higher than tensile strengths, see ISO 185:2020, Table A.1.

150 100, Spheroidal graphite cast irons

Q‘lx

1 Overview (1/

e B |

he properties of spheroidal graphite irons (sometimes called “ductile” or “no@r cast irgns”) are

specified in ISO 1083. The structure of spheroidal graphite irons contains gra&; n spherojdal form
a$ shown in Figure 6 (in this case in a predominantly pearlitic matrix). The erties are dgminated
b

y the matrix, as long as the graphite particles are isolated and approx1m@y spherlcal

[§0 1083:2018, Tables 1 and 2, specify ferritic to pearlitic matrix @\es ranging from fully ferritic
njaterials with tensile strengths above 350 MPa and elongation %xcess of 22 % to fully[pearlitic
materials with tensile strengths above 900 MPa and elongation as 2 %.

Al second way to increase strength is to increase the solldé(utlon strengthening of a ferritic matrix
by increasing its silicon content to achieve tensile stren f 450, 500 or 600 MPa. When cpmpared
to ferritic-pearlitic grades of the same tensile strengq% igher yield strengths of 350 MPa, #00 MPa
ol 470 MPa concurrently with higher elongatlons 0 %, 14 % and 10 % are realized as shown in
130 1083:2018, Table 3.

Alll of these grades are compiled in Table 6 in é@
. A\

Magnification x 500

Figure 6 — Pearlitic spheroidal graphite iron

The normal production route for spheroidal graphite irons is to add a small percentage of magnesium
(or a mixture of magnesium and rare earth elements) to a molten alloy with low sulfur content. This
procedure is followed by an addition of a silicon-based inoculant to counteract the carbide-promoting
effects of the magnesium. The result of this treatment is a material that contains graphite spheroids, as
opposed to graphite flakes.
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7.2 Effect of structure on properties

The mechanism of solidification is entirely different from that of grey irons, which results in a wide
range of grades with tensile properties that are substantially better than what grey iron can provide.
This difference in properties results from differences in graphite form. Graphite flakes have a large ratio
of surface area to volume, and because they are sharp edged, they act as stress raisers in the matrix. By
comparison, graphite spheroids approach the minimum in terms of surface area to volume ratio, and
do not act as stress raisers, although they restrict the plastic zone size around stress concentrations.
The opportunlty also exists to utilize a Varlety of different matrlx structures rangmg from fully ferritic
to fully pea : : : 3 ] atme is
reason, the possible mlcrostructures of the matrlx descrlbed in ISO/TR 945 3 dlctates the structure, pf
spheroidal graphite irons and, thus, their tensile properties. This is the opposite situation to thatiwhig¢h
pertains|with grey irons where the size and the shape of the graphite flake (lamellae) dictate‘the finpl
propertips.

7.3 Metal composition and carbon equivalent

ISO 1083 does not specify metal composition requirements; metal composition isdeft to the discretign
of the manufacturer. The mechanical property requirements of the various grades in the specificatign
are met py chemical composition and/or heat treatment. Because the matrix’/principally dictates the
propertips of the spheroidal graphite irons, the carbon equivalent does nhot need to be controlled |n
the same¢ way as in grey irons. These grades normally have hypoeufectic compositions to prevent
graphite|flotation. The range of silicon is from 1,9 % in order to meet low temperature impact energy
requirements, up to 4,2 % in the strongest solution strengthened)ferritic grade, with a correspondirjg
decreasq of carbon, resulting in slightly less amounts of graphité. The most common silicon compositign
range is petween 2,4 % to 2,7 %.

7.4 Graphite form and size

Spheroidal graphite shape, referred to as “nodularity” expressed as a percentage, is often requirgd
in comppny specifications in addition to the.material grade. Nodularity is specified because nop-
spheroidal graphite can reduce mechanical‘properties, in particular the elongation at fracture. The
presency of less than perfect graphite spheroids is not unusual, which is why ISO 1083 refers to the
materiallas having the carbon present mainly in the form of graphite spheroids.

ISO 94511 designates six forms of~graphite defined as Forms I to VI. These are shown in Figure [7.
ISO 94514 specifies a test method for evaluating nodularity in spheroidal graphite cast irons hy
compardtive visual analysisrand image analysis techniques. This document provides figures for
different levels of nodularityy;and graphite particle count of spheroidal graphite cast irons for visugl
analysis| Most company $pecifications require a minimum of 80 % nodularity or higher of graphite |n
Form V and Form VI, -However, it is inappropriate to specify percent nodularity unless the remainirg
percentgge of graphite is also specified. A level of nodularity of 80 % to 85 % or more generally ensurgs
the minimum tensile properties (more than enough for R, ) specified in ISO 1083. Most of the 15 % to
20 % of graphifenot in Form VI or V is typically in Form f)V possibly in Form III.

A spherdidal graphite iron containing 91 % of Form VI and 9 % of Form [, for example, would meet the

it can be argued that the requirements of ISO 1083 would filter out the unsatisfactory materlal it is
far better to be specific by designating the full requirement for the graphite form with reference to
ISO 945-1. This designation, for example, can be “more than 80 % Form VI, more than 95 % of Form VI
and Form V, with the remainder of Form III”. ISO 945-1 also designates eight sizes of graphite.

Because of the interaction between the liquid metal and the mould surface, a degenerate surface layer
containing flake graphite and the possible formation of inclusions is often unavoidable. When this is
not acceptable, the surface layer can be removed by machining and/or shot blasting. The maximum
depth of this degenerate surface layer can be agreed upon between the manufacturer and purchaser,
if necessary. Some applications of spheroidal graphite iron (e.g. those requiring low temperature
toughness) can require graphite particle count (graphite particles/mm?) and/or graphite particle size
to be specified. Section thickness and casting geometry will affect the selection of these criteria. As
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a result, graphite particle count or particle size parameters are typically established by agreement
between the purchaser and manufacturer at a specific location in a casting or other designated sample.
[SO 945-1 provides information on nodule size 3 to 8.

e) FormV f) Form VI

Figure 7 — Graphite forms in ISO 945-1
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7.5 Relevant wall thickness in spheroidal graphite iron

As the wall thickness increases and solidification rate is reduced, the graphite spheroids become larger
so the number of spheroids is reduced, which can cause the graphite shape to deviate from Form VI to
Form V or lower. Therefore, the tensile properties in the heavier sections will be lower than those in the
thin sections. Thus, when graphite form and size are specified in the casting, it is imperative that the
test location be agreed between the manufacturer and the user to avoid conformance disagreements.
If the form and size are specified within a separately cast sample, often cast to validate the material as
part of routine control procedures, it is important to note that the form and size of the graphite in the
casting can be different from that in the sample

Because [the matrix primarily defines the static tensile properties, they are not seriously affected untila
significapt deviation in graphite form occurs.

7.6 Effect of alloying elements

When the ferritic-pearlitic and pearlitic grades are produced, there is a tendency-to add alloying
elementg to obtain the required amount of pearlite. In addition to alloying, increased cooling rate in the
solidifie{icasting promotes pearlite over ferrite. Therefore, thinner parts of a ferritic-pearlitic grade

n

casting ysually have higher pearlite contents than thicker parts. In contrast to this, the higher silicq
content in the solution strengthened ferritic grades also prevents pearlitesin-thinner parts.

The mogt common pearlite-promoting elements are copper and tin, Tin promotes pearlite about 10
times mre powerfully than an equal percentage of copper. Coppér)is normally used in preference {o
tin becatise it increases the tensile strength and maintains a higher ductility. The important aspect pf
alloying [to produce pearlite is that once the structure is fully,pearlitic, further additions of pearlite-
promoting elements increase embrittlement, with possible-adverse effects on service performance. To
address this, users can confine their requirements to thé{mechanical properties of the standard grade
and allow the manufacturer to identify the necessary alloying levels.

7.7 Matrix structure and resultant properties

Table 6 [shows the properties of the 17 grades of spheroidal graphite iron specified in ISO 108B
for castjngs with a relevant thickness @ip*to 30 mm. As the tensile strength increases, there is gn
accompanying reduction in elongation .at fracture, especially for grades with low ferrite contents.
Element$ such as copper or tin areétadded to produce the higher-strength, lower-ductility grades, as
these mdtals are pearlite-promoting elements that raise the tensile strength but lower the elongation

-

24 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=205043bdc6ed76ab764c1a43fd63233c

ISO/TR 10809-1:2023(E)

Table 6 — Structure and properties of ISO 1083 cast iron grades; minimum values obtained
from cast samples corresponding to castings with a relevant wall thickness up to 30 mm

Tensile _ 0,2 % Elongation
Material strength Yield strength Typical matrix
designation R, Ry, Ag structure
MPa minimum MPa minimum % minimum
ISO 1083/]S/350-22LT? 350 220 22 Ferrite
IS0 1083/]S/350-22-RTP 350 220 22 Ferrite
IF0 1083/]S/350-22 350 220 22 Feryite
IF0 1083/]S/400-18-LTa 400 240 18 Fértite
150 1083/]S/400-18-RTP 400 250 18 Feriite
IF0 1083/]S/400-18 400 250 18 Feriite
IF0 1083/]S/400-15 400 250 15 Feriite
IO 1083/]S/450-10 450 310 10 Mainly ferrite
IP0O 1083/]S/450-18 450 350 18 Ferilite
IO 1083/]S/500-7 500 320 7 Ferritg with
pearflite
IO 1083/]S/500-14 500 400 14 Feriite
IO 1083/]S/550-5 550 350 5 Ferritd with
pearflite
IF0 1083/]S/600-3 600 370 3 Pearlit¢ with
ferrfite
IF0 1083/]S/600-10 600 470 10 Feriite
IO 1083/]S/700-2 700 420 2 Mainly pearlite
IF0O 1083/]S/800-2 800 480 2 Pearlite pr tem-
pered majrtensite
IP0O 1083/]S/900-2 900 600 2 Bainite ¢r tem-
pered martensite
NOTE 1 The values for these materials-apply to castings that are cast in sand moulds of comparable thermal hehaviour.
Subject to amendments to be agreedwupon in the order, these values can apply to castings obtained by alternativelmethods.
NOTE 2 Whatever the method used for obtaining the castings, the grades are based on the mechanical properties measured
on test pieces machined from\samples separately cast in a sand mould or a mould of comparable thermal behaviopr.
NOTE 3 The mechaniecal_properties of the materials refer to separately cast samples produced in accordjnce with
150 1083:2018, Figures.1,2 or 3.
NOTE 4 Elongatieh'values are determined from L, = 5,. For other gauge lengths, see ISO 1083:2018, 9.1 and Anngx B.
al LT for impact testing at low temperatures (-20 °C or -40 °C).
bl RT forimpact testing at room temperature (23 °C).
Alll gfades can be produced from lower-purity raw materials if followed by heat treatment, altl—lough the
Idwer-purity route is usually avoided because of increased cost associated with both the heat tfeatment

operation and additional shot blasting. The exceptions regularly adopting heat treatments are grades
JS/800-2, ]JS/900-2, as well as some of the impact-resistant grades. The JS/800-2 and ]JS/900-2 grades
are heat treated because of the difficulties of meeting the high tensile strength requirements in the
as-cast condition, while some of the impact-resistant grades are heat treated to ensure a fully ferritic
matrix combined with lower silicon content in order to absorb the required impact energy in Charpy V
testing.

It is important to note that grades JS/450-10, JS/450-18, JS/500-7, ]S/500-14 and ]S/550-5 have a
balanced combination of yield strength and elongation. This point is often missed.

Some ferritic-pearlitic grades appear to be brittle materials because of low minimum elongation
specified (600-3, 700-2, 800-2). The international material standards do not provide an understanding
whether the low elongation figures specified are consequences of wide hardness range and/or
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sensitivity to imperfections. Commercial grades have traditionally been specified based on control of
hardness range resulting in significantly higher minimum elongation requirements. Designers can be
put off using the aforementioned grades due to a misconception that minimum strength and minimum
elongation occur simultaneously in the same material. For a possible solution to this problem, see

Reference [14].

7.8 Influence from strain rate and temperature on properties for ferritic, ferritic-
pearlitic and pearlitic grades

7.8.1 General

The three-solution strengthened ferritic grades specified in ISO 1083 have raised great interest due 1
their beneficial combinations of concurrently high yield strength and high elongation, as well as sm4

hardnes$ variation and good machinability. However, if the yield strength is exceeded at combinations

of high strain rate € and low temperature T, the ductile behaviour can transition into brittle behaviou

Japanesd researchl12] pioneered in describing this behaviour for solution strengthened ferritic grads
with 3,0l% mass fraction to 4,0 % mass fraction Si to depend on the effect of ln ¢ and 1/T on yie
phenomgna in steels and body centred cubic (BCC) metals using Bennett and Sinclair’s theory, resultir
in a combined strain rate and temperature parameter R, where R = TIn(10%5;%/ ¢) [K].

In later researchll8], they investigated the properties of four different spheéroidal graphite irons in hig]
speed tepsile tests, using both smooth and notched round specimens with a blunt notch R = 0,2 m
(similar fo Charpy V impact energy bending samples) and with th€)same waist diameter (34 mm) as tH
diametey of the smooth round specimens.

Three spheroidal graphite ductile irons (SGIs) with alow Si centent of 2,1 % mass fraction and varying (
contents|to produce pearlitic matrix contents of 52 %, 84.% and 100 % (balance ferrite) correspondir
to static tensile strengths of 500 MPa, 700 MPa and 900:MPa, respectively, were investigated. The fourt
iron tested was a fully ferritic, solid solution strengthened spheroidal graphite iron with a high silicd
content ¢f 3,9 % mass fraction and a static tensile-strength of 500 MPa. The notch strength curves we;
obtained for strain rates in the range € =2 x 1073 - 2 x 101 s~1 and temperatures in the range of =130 §
to +25 °(.116]

7.8.2 Influence from pearlite content at constant silicon level

Figure 8|shows the influence of moteh strength dependence on the R parameter for the three low-silica
(2,1 % nfass fraction) irons with three different pearlite contents:

— 52 9% (JIS-FCD500 JIS=FCD500-7 in JIS G 5502:2022[24], similar to ISO 1083/]S/500-7);
— 849% (JIS-FCD70QHS-FCD700-2 in JIS G 5502:2022[24], similar to ISO 1083/]S/700-2);
— 100 Po (pearlitic ductile iron (PDI), similar to ISO 1083/]S/800-2).

It also cqmpares the notch strengths with the static (defined as ¢ = 2,1 x 10~% s71) strengths at 25 °C

0
11

I.

S
d
g

smooth (unmnotched) specimens (shown as horizontal broken lines).
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Figure 8 — Notch strength of low silicon (2,1 %) ferritic-pearlitic irons in terms of
parameter R[16]
718.3 Influence from silicon content in fully ferritic matrix
Flgure 9 shows the influence of notch strength dependence on the R parameter for a fully ferritic
s¢lution strengthened iron with high silicon content (3,9 % mass fraction) compared with the static
strength at 25 “C of a smooth specimen (horizontal broken line).
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Figure|9 — Notch strength of high silicon (3;9 %) fully ferritic iron in terms of parameter RI[16
The not¢h strengths are generally higher than the tensile strengths of smooth specimens at room
temperafure and quasi-static conditioh because of the notch-strengthening effect combined with strajn
rate and|temperature, except for fegions of low R value to the left (corresponding to high strain rates,
low temperatures, or both).

The notdh-strengthening thiréshold Ry, is defined as the intersection between the notch strength curye

and the horizontal brokenine corresponding to static tensile strength at room temperature of smoof

specime
that can
to anet g

In Figur
same ap

ns. This threshoeld Ry, gives the combinations of highest strain rates and lowest temperaturg
be safely applied to structural spheroidal graphite iron components, designed with referen
ection yielding criterion at room temperature and quasi-static conditions.

b 8/4@s the pearlitic matrix increases, the notched strength curves move to the right, and t}
pli€s if silicon contents are increased from low to medium (2,4 % mass fraction to 2,7 % ma

h
S

e
bS

fraction)

. Likewise, the notched strength curve in Figure 9 moves to the left if the degree of sol

solution strengthening of the ferritic matrix is reduced by decreasing its silicon content.

d

For these reasons, it is strongly discouraged to combine very high silicon contents that stabilize ferrite
with additions of pearlite stabilizers such as copper, because pearlite is intrinsically brittle when its
ferrite phase is strongly solution strengthened.

One important conclusion in the aforementioned Japanese research is the following: Instantaneous
fracture is prevented at high strain rates and/or low temperatures as long as the parameter R > R,
during loading, when the mechanical design of spheroidal graphite iron components is conventionally
based on static tensile strength at room temperature with reference to a net section yielding criterion
applied to the experienced geometry.
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Intermediate Swedish researchllZ] on the solution strengthened ferritic grade JS/500-14 has shown
that for three-point bending tests on V-notched specimens at room temperature, predominantly ductile
fracture is observed for strain rates in the range € =1 x 104 - 4 x 102 s1 (corresponding to R = 8 770 -
6 340 K). By increasing the strain rate to € = 1 s71 (R = 5 400 K), a more significant change in ductile
to brittle fracture is seen. At the estimated strain rate of £ = 300 s~1 (R = 3 730 K), completely brittle
fracture occurred. When the temperature was decreased to =15 °C, predominantly brittle fracture was
observed for the strain rates investigated in the range € = 3,6 x 1072 - 2,3 s71 (R=5 610 - 4 540 K).

Therefore, another important conclusion is that the use of solution strengthened ferritic grades is only
restricted by this phenomenon if the component can be rapidly loaded in service above R ,, under a
cpmbination of high strain rate and low temperature that results in R < Ry,.

719 Special case of impact-resistant grades

The relevance of the use of absorbed impact energy as a measure of resistance-ta’brittle fracture in
castings, subjected to application loads, is being reassessed. The Charpy V testwas initially dgveloped
far welded steel and was never intended for different materials such as spheroéidal graphite irofis (being
invented later). Spheroidal graphite irons have considerably lower absorbed-impact energy than steels
of comparable strength because the size of the plastic zone formed in the stress field under the blunt
(R = 0,2 mm) V-notch is severely restricted by the short distance between graphite nodules. During a
Charpy V-notch test, most of the absorbed energy is consumed by the plastic zone formatign rather
than by the crack propagation. If the blunt V-notch is replaced by‘a sharp crack, the graphitg nodules
will favourably blunt the propagating crack, giving an advantage over steel. ISO 1083:2018, Annex C,
glves information about a fracture mechanics approach tosspheroidal graphite irons to select ajmaterial
that better corresponds with the specific loading situatien‘in a casting.

[§0 1083:2018, Table 2, specifies the minimum impact energy values from separately cast{samples
cprresponding to castings with a relevant wall thickness up to 30 mm. These materials are spgcifically
dpsigned for situations where impact conditionsican occur at ambient temperature, =20 °C anfl -40 °C.
They do not meet the impact energy values-that can be obtained from some steels, but do find many
applications, such as steering knuckles in.vehicles that must operated successfully at widely |differing
t¢mperatures. The properties are summarized in Table 7.

Table 7 — ISO 1083 V-notch impact energy values corresponding to castings with a reJevant
wall thickness up to 30 mm

Minimum impact energy values
J
Material designafion | ReoTfemperature | Low temperature | Low tempergture
Mean Single Mean Single Mean Single
of 3 tests value of 3 tests value of 3 tests value
IFO 1083/JS/350-22-LT — — — — 12 9
IFO 1083/]S/350-22-RT 17 14 — — — —
1p0-1083/]S/400-18-LT — — 12 9 — —
IS0 1083/]S/400-18-RT 14 11 — — — —
Key

LT: low temperature
RT: room temperature

NOTE 1 The values for these materials apply to castings that are cast in sand moulds of comparable thermal behaviour.
Subject to amendments to be agreed upon in the order, these values can apply to castings obtained by alternative methods.

NOTE 2 Whatever the method used for obtaining the castings, the grades are based on the mechanical properties measured
on test pieces machined from samples separately cast in a sand mould or a mould of comparable thermal behaviour.

NOTE 3 These material grades can be suitable for some pressure vessel applications.
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Production of the ambient temperature grades is not particularly difficult, providing that the material
has a fully ferritic matrix. However, the low-temperature grades, particularly the grade with specified
impact properties at =40 °C, can be difficult to make unless the normal metal composition is modified.
Success depends upon a reduction in the normal silicon content to about 1,9 % mass fraction to
2,0 % mass fraction and an addition of about 0,8 % mass fraction nickel. The lower silicon level and
added nickel shifts the ductile-to-brittle transition temperature (DBTT) to lower temperatures, thereby
raising the impact energy value. Simultaneously, the nickel addition compensates for the reduced
silicon on solution strengthening of the ferritic matrix to ensure achievement of the minimum yield
strength value. It is unlikely that the required impact values will be met in the —40 °C material, unless
itis annealed toensure a fn]]y ferriticmatrix npcignnrc and engineersrecognize that to achieve fitness
for purppse from these materials, these guidelines must be followed, and the associated costs musthe
accepted.

7.10 Heat treatment

Spheroidal graphite irons can be obtained in the as-cast state or by heat treatment. Annéaling applies to
some ferfritic grades; normalizing applies to ferritic-pearlitic grades with lower or no‘alloying content

Because|of the associated costs of an additional heat treatment compared with sound foundry mglt
practice] it is not common to require heat treatment to produce most pf\the grades of spheroidpl
graphite|iron. Examples of when heat treatment is used include:

a) grades of iron described in 5.10 that require high impact values at-40 °C can be annealed;
b) thin|sections where fast cooling rates impede the formation of ferrite are annealed;

c) thick sections where slow cooling rates favour the formation of ferrite rather than pearlite afe
norrhalized.

1%
I

The seleftion of an annealing process is dependent iipon the starting microstructure. If the ferrite
pearlite ratio needs to be modified to increase the fexrite content, then a subcritical anneal is employe
If eutectjc carbides must be eliminated and a feryritic matrix produced, a full anneal is required. It |s
important to specify which type of annealing process is necessary as a full anneal requires a higher
soak tenjperature which will be reflected in'the cost of the heat treatment.

=

Subcritidal annealing consists of heating to 705 °C to 720 °C and soaking for 1 h per 25 mm sectign
thicknesp followed by slow cooling.ift:the furnace to convert pearlite to ferrite.

A full anpneal consists of heating-to 900 °C and soaking for 1 h per 25 mm section thickness followgd
by slow [cooling in the furnace/to promote the formation of ferrite. In order to break down eutectjic
carbides| temperatures up t0-925 °C or longer soak times can be necessary.

Normalifing is sometinies undertaken to achieve the properties in the pearlitic grades, usually to raige
properties when asteast tensile strength values are low. ISO 1083:2018, 10.4, allows for a normalizing
treatment. A typical normalizing process involves raising the temperature of the castings and holding
at 900 °d for Ish,plus one additional hour for each 25 mm of section thickness; the thickest section is the
criterion| for'determining the normalizing time. The castings are then air cooled; thicker castings cgn
benefit fram the nse of forced air from a fan It can he necessary to temper components with rnmplf X
shapes to relieve residual stresses created by accelerated cooling using fans. Tempering can also be
used to lower the hardness of pearlite, if needed. When many small castings are normalized in a batch,
they must be separated in order to allow for a satisfactory cooling rate.

Isotherming heat treatment is similar to normalizing regarding the target matrix to be obtained and
similar to an intercritical austempering process. (The process definition is described in Table 3). With
this process, it is possible to optimize strength and ductility in casting wall thicknesses up to 75 mm
by heat treating an unalloyed as-cast ferritic matrix, resulting in a special ferritic-pearlitic structure
called “perferrite”. It is possible to achieve minimum tensile properties of 800 MPa tensile strength,
480 MPa yield strength and 6 % elongation in all section sizes and with a more controlled hardness
range than possible with normalizing[14l,

30 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=205043bdc6ed76ab764c1a43fd63233c

ISO/TR 10809-1:2023(E)

7.11 Choosing the grade

All ferritic grades of spheroidal graphite iron have a tensile strength exceeding that of the highest
tensile-strength (pearlitic) grade of grey cast iron, together with much higher elongation and impact
resistance. The intermediate tensile-strength grades have a balanced combination of mechanical
properties, with tensile strength, yield strength and elongation specifications between 400 MPa ferritic
and 700 MPa pearlitic grades. The fully pearlitic grades have high tensile strengths while still exhibiting
some ductility. Therefore, there is a wide range of property combinations from which to choose. Other

properties, typical of these materials, are summarized in ISO 1083:2018, Table G.1.

[op)

rades ]S/450-10, ]S/450-18, JS/500-7, JS/500-14, JS/550-5 and ]JS/600-10 have good combin
ténsile strength and elongation, although the impact properties are reduced by the pedrljtg
and, in the case of the solution strengthened ferritic grades, by their higher silicon cpntenf
grades have applications where higher strength in combination with good ductility are require
fgtigue properties increase in proportion to the tensile strength, these materials.can be usef]
s¢rvice conditions involve some dynamic loading. Pump impellers, suspension gnits and recip
hrts fall into this category.

p

Gfrades ]S/600-3, JS/700-2, ]S/800-2, and JS/900-2 are specified at high“minimum tensile §
and low minimum elongation. They are valuable either directly becagse of their high tensile
0
a
t
c

itomotive crankshaft: a huge percentage of the world’s total production uses JS/700-2 or
avoid fatigue failure in service, with the tensile strength_actdally being immaterial to th
bnditions. In order to achieve satisfactory service performance, the actual choice of a mg
the range JS/600-3 to JS/900-2 depends on the design réquirements in terms of tensile stre
other properties. Relatively low elongation values can be*improved through effective Brinell |
cpntrol, resulting in better combinations of strength and ductility for these iron grades.

ations of
present
s. These
d. As the
ul where
rocating

trengths
strength,

- indirectly because this property imparts good fatigue properties, The best example of this is the

|S/800-2
P service
terial in
hgth and
hardness

hen higher combinations of strength and ductility are required, the designer can consider ayisferritic

spheroidal graphite irons (ADI) which are des¢ribed in Clause 8.

The thermal conductivity for all spherpidal graphite iron grades is less than that of grey c

here the graphite lamellas provide better thermal conductivity as shown in ISO 1083:2018, 1
In spheroidal graphite irons, ferritic'grades have higher thermal conductivity than pearlitic g
algrey cast iron has insufficient tensile properties for an application, spheroidal graphite irg
stibstituted providing any potential heat transfer issues have been carefully assessed and det
npt to be an issue. Compacted iron fills the gap between these two materials in terms of]
cpnductivity and mechanical properties (see Clause 10).

ISO 17804 ,Ausferritic spheroidal graphite cast irons (ADI)

1 Overview

sferritic spheroidal graphite iron, typically referred to as “austempered ductile iron
specified in ISO 17804. Table 8 shows the properties of the six grades of ausferritic spheroidal

hst irons
lable G.1.
rrades. If
n can be
ermined
thermal

ADI)”, is
graphite

ilon® for three ranges of relevant wall thickness.
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Table 8 — Properties of ISO 17804 ausferritic spheroidal graphite iron grades

- o7 o ]
Relevantwall [ Tensile 1 02%yield [ piongation | Brinell
Material designation R, R0z Ag HBW
MPa Pa % guidance
mm minimum minimum minimum values

t<30 800 10

o };g“j}ﬁ{,ﬁgg;}gw 30 <t<60 750 500 6 250 to 310
60 <t<100 720 5
t<30 900 8

1SO 1780/4/]S/900-8 30<t<60 850 600 5 280 6 340
60 <t<100 820 4
t<30 1050 6

1SO 178014/]S/1050-6 30<t<60 1000 700 4 320 to 380
60 <t<100 970 3
t<30 1200 3

1SO 178014/]S/1200-3 30<t<60 1170 850 2 340 to 420
60 <t<100 1140 1
t<30 1400 1100 1

ISO 178014/]S/1400-1 30<t<60 1170 To beaagreed between the manu- | 380 to 480

60 <t<100 1140 facturer and the purchaser

Castings

with an ausferritic matrix can be produced by higher alloying without the need for heat

treatment. However, these materials fall outside the scepe of ISO 17804.

The spedified V-notch impact energy properties of grade ISO 17804/]S/800-10RT are shown in Table 9.

Table 9 — Impact energy properties of ISO 17804/]S/800-10RT

Materjial designation

Relevant wall thickness
of the casting

t

Minimum impact energy value at room

temperatur

Mean value of three tests

e (23°C+5°C)

Individual value

mm J J

t<30 10 9

ISO 178014/]S/800-10RT. 30<t<60 8
60 <t=<100 8 7

The properties.of 150 17804 abrasion-resistant grades designated based on minimum Brinell hardness

are shown in Table 10.

———Table 10— Properties of ISO 17804 abrastonrresistantgrades

Brinell Other properties
. . . hardness (for information only)
Material designation
HBW R, Ry As
minimum MPa Pa %
[SO 17804/]S/HBW400 400 1400 1100 1
ISO 17804/]S/HBW450 450 1600 1300 —
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During the initial development stages, the resultant matrix following austempering was described
as bainite, and this definition is still sometimes used due to the similarities with the heat treatment
used for bainite in low-silicon steels. However, the terminology “ausferrite” now predominates because
the resulting microstructure is a mixture of ferrite and high carbon stabilized austenite due to the

p

revention of bainitic carbide formation by substitutional silicon in the iron matrix.

The microstructure after etching with Nital is shown in Figure 10 and comprises graphite spheroids in
an ausferritic matrix. This is a fairly typical microstructure of grade 900-8; differences in the fineness
of the microstructural scale and proportions of austenite and ferrite in the ausferritic matrix are
observed in cast irons that are austempered at different temperatures.

I§
f1

o

T
T
0
0

st
1

that depend upon the

Ma@ﬂ\lcation x 200
4\
xO
Figure 10 — Ausfercni)(.ic spheroidal graphite iron (Grade JS/900-8)

N
017804 has five grades of ausferritic spheroidal graphite iron with minimum tensile strength
om 800 MPa to 1400 MP minimum elongation between 10 % and 1 %. As can be seen i
- 1SO 17804:2020, all bg)d@e highest tensile strength grades have a range of property requ
nt wall thickness and sample size, as defined in ISO 17804:2020, T:

vo grades that r%@e only hardness validation are specified in Table 10 or ISO 17804:2020,

[ high strength, toughness and wear resistance that cannot be attained from typical nor
- quenc d temper treatments. This is shown in Figure 11, which illustrates the ranges

s in the as-cast condition, through normalizing as well as quench and tempering;

W1

©

ren»tg1 and elongations at fracture obtained in various grades of spheroical graphite

he range of properties typically expected from the ausferritic (ADI) grades.

b ranging
n Table 8
rements
hble 3.

Annex A.

he outcomg@he austempering heat treatment process (described in 6.2) are unique combinations

malizing
f tensile
fast iron
cpmpared
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Figure 11 — Comparisons between ranges of typical tensile strength and elongation at fracturje
properties of ausferritic and other matrix microstructures in spheroidal graphite irons

8.2 Heat treatment process

e

The ausfempering process-is/crucial to the manufacture of ausferritic spheroidal graphite iro
Austemplering is more complex than other heat treatments. It consists of three major steps:

a) austpnitizing;

b) rapidlly coolifigito a selected temperature above the martensite start temperature M,

c) isothermal holding at the selected temperature to form an ausferrite matrix.
Figure 1 i ; tati itizing

temperature of usually 840 °C to 920 °C and held to produce austenite with a uniform carbon content
surrounding the graphite structure. It is then rapidly quenched into a molten salt bath at a temperature
determined by the final properties to be produced. The temperature of the salt bath is normally set in
a range of 250 °C to 400 °C. The material is held at this selected temperature until the transformation
from undercooled austenite into ausferrite microstructure is finished. In the range of 250 °C to 325 °C,
the higher-strength, lower-ductility materials are produced. Above 325 °C, the lower-strength, higher-
ductility materials result.
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Figure 12 — Schematic diagram describing the austempering heat treatment process

.3 Effects of alloying elements

8

Alsferrite is easily obtained in thin sections, but as the section thickness increases in ynalloyed
materials there is an increased likeliheod of pearlite formation. This can particularly be the case at
the junction of wall sections where'there is a localized increase in thickness. Pearlite forms b¢cause of
ah insufficient hardenability, restulting in hitting the pearlite nose on the isothermal transf¢rmation
djagram (see Figure 12) duting cooling from the austenitizing temperature to the is¢thermal
ttansformation temperatufe,

The presence of small@mounts of pearlite in the centre of sections is unlikely to have an adverse effect
h fitness for this pubpose but is best avoided. Reduction of pearlite in the centre of sectior]s can be
chieved by the addition of alloying elements that help to ensure the formation of ausferrite. Common
ditions are,combinations of copper, nickel and molybdenum. Manganese content must be kept low
t¢ prevent segregated areas where the transformation into ausferrite will be incomplete, requlting in
nferior niechanical properties.

LV O

—

Allloy<additions are recommended only if needed, as excessive levels add to the cost of the hase iron
apdwill often increase the cost of the heat treatment because transformation times to make ayisferritic
iron will be longer. As a result, the heat treater will recommend the proper alloy content for the section
thickness to be austempered. Chemical composition recommendations are unique to the heat treat
equipment used. Consequently, if a different heat treat supplier is employed, the initial recommended
alloy composition will be re-evaluated by the new supplier.

8.4 Graphite form and size

The solidification mechanism for spheroidal graphite and ausferritic spheroidal graphite irons is
identical; therefore, issues relating to the graphite form and size of the ausferritic materials are as
described in 7.5. The supplier of heat treatment services can recommend a higher minimum nodularity
as well as a minimum spheroidal graphite particle count (nodule count).
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8.5 Matrix structure and the resultant properties

The properties of ausferritic spheroidal graphite irons are dictated by their matrix structure. The
matrix is predominantly ausferrite. The microstructural scale of the ausferrite becomes finer as the
isothermal transformation temperature is reduced. Likewise, the relative amounts of high carbon
austenite and ferrite within the ausferrite change with austenite volume decreasing as the isothermal
transformation temperature decreases.

Proeutectoid ferrite is present in larger amounts in ISO 17804/]S/800 if intercritical austenitizing is
used to meet the minimum properties and, in some instances, in minute amounts in the remaining
grades that do not greatly influence overall mechanical properties. Small levels of martensite can he
found within the higher strength grades of ADI, the presence of which does not affect overall mechanical
performance.

It is impg¢rtant to note that no useful purpose is served to specify the microstructure in extreme detgil
beyond “predominantly ausferrite” in addition to meeting minimum mechanical propergyrequirements
because pf the likely difficulties in agreeing on the interpretation of what microstructural features are
present.

8.6 Influence from relevant wall thickness on mechanical properties

As the wall thickness increases, the graphite spheroids become larger-$o the number of spheroids |s
reduced,| which can cause the graphite shape to deviate from FormA/Ito Form V or lower. Thereforg,
the tensile properties in the heavier sections will be inferior to th@se in the thin sections. Thus, whgn
graphite| form and size are specified in the casting, it is imperative that the test location be agreqd
between|the manufacturer and the user to avoid conformance\disagreements. If the form and size are
specified within a separately cast sample, often cast to validate the material as part of routine contrpl
procedufres, it is important to note that the form and size©fthe graphite in the casting can be differept
from thalt in the sample.

The properties in different sections are influenced-by the heat treatment operation and any alloys that
are added to ensure a uniform ausferritic matrix’If alloying is insufficient and/or the quench severity
is insufficient and/or the heat treat process-is-not capable and controlled, then the resulting materipl
propertips will be reduced due to the presence of pearlite and/or insufficiently stable austenite.

8.7 V-hotch impact energy grade

Grade JSJ800-10RT has specifiedidimpact properties according to ISO 17804:2020, Table 2. The specifigd
impact resistance properties\of this grade are shown in Table 9. The required impact properties are
dependept upon the releyant‘wall thickness, with impact properties reducing as the section thickness
increasep. The impactgrade has the same tensile properties as grade JS/800-10 in ISO 17804:202p,
Table 1, with an additienal requirement for room temperature impact energy values, indicated by the
suffix RT.

8.8 AbNhrasion-resistant grades

Normative Tequirentents for two abrasionresistant grades of ausferritic spheroidalgraptiteiron
are specified in ISO 17804. These grades have useful abrasion resistance but are not alloyed to the
extent of materials specified in ISO 21988 and Clause 12, where alloying has a significant influence
on performance. Alloy addition for abrasion-resistant ausferritic grades is made primarily for
hardenability purposes.

The abrasion resistance of the two ausferritic grades is mainly influenced by heat treatment as opposed
to alloying, and Brinell hardness is the only property specified. These materials are austempered at
low temperatures approaching the martensite start temperature. This heat treatment provides high
tensile and yield strengths with low elongation, but because the material does not contain a high level
of martensite, as is the case of some ISO 21988 grades, it tends to have better impact resistance. Its
abrasion properties are not necessarily as good as the ISO 21988 grades because of the absence of alloy
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carbides. As with all abrasion-resistant materials, a cost-benefit analysis will determine its suitability
in the varying environments in which the materials are expected to perform.

CADI refers to a family of spheroidal graphite cast irons produced with carbides (either chemically,
thermally or mechanically introduced) that are subsequently austempered to exhibit adequate
toughness and excellent wear resistance. CADI consists of an ausferritic microstructure that contains
a controlled volume fraction of carbides; typically, in a range of 10 % to 40 % by volume. The heat
treatment parameters for making CADI can be controlled in order to produce ausferrite with different
ferrite/austenite ratios and microstructural fineness. Combining the austempering process with
the controlled inclusion of carbides gives engineers the opportunity to design components with
wear properties that are improved over the standard grades of ausferritic irons. CADI can [compete
fgvourably with expensive abrasion resistant irons. To date, the greatest interest in this!material has
been in agricultural applications; namely, ground engaging components.

89 Machinability

The casting can be machined before and/or after heat treatment; the latter is'typically convenient for
Idwer strength ausferritic grades, provided that the high carbon stabilizéd-austenite in the ausferrite
d sufficiently stable, the fixtures and machine tools are robust and that'appropriate cutting fools are
sed. Due to varying cutting forces and heat generated, low cutting speeds and high feed fates are
cually recommended.

=y

=2}

.10 Choosing the grade

—3

he original development work on ausferritic spheroidal graphite cast irons concentfated on
hprovements to gear technology. However, a widelv¥ange of components (see Table 11) jare now
Foduced in the ausferritic condition. The essentialfeéature of the ausferritic grades is the advaptageous
mbination of mechanical properties that can be obtained in comparison with spheroidal |graphite
lon materials comprising other matrices. For;example, the lowest tensile-strength grade in [0 17804
i JS/800-10 whereas the highest tensile-strength grade in ISO 1083 is JS/900-2. ISO 17804|includes
Fades that provide tensile strengths of 17400 MPa or more with appreciable elongation.

| == ag =

—

hese higher-tensile-strength ausfefpitic spheroidal graphite iron grades are ideal when very high
strengths are required for an application. They find applications where steels have been higtorically
uked, because there are cost sayings to be made in both the casting and machining processes. Alisferritic
ilons are lighter and quietertin service due to the graphite structure which lowers the density and
creases the damping coefficient.

[
—

he selection of grade'of ausferritic irons depends upon the service requirements and design [stresses.
bnsile propertieg-ranging from greater than 800 MPa to greater than 1 400 MPa in the engineering
grades, in sectiensup to 30 mm, are available. They are increasingly used in applications involying high
strain rates ahd/or low temperatures, where their properties are also superior to quench and tempered
steels. Compression strengths are even higher, see ISO 17804:2020, Table G.1.

— =

Alsfertitic irons have a higher strength-to-weight ratio than aluminium, offering opportunities for
lipht-weighting. Grades ]JS/900-8 and JS/1050-6 have a higher coefficient of thermal expangion than

othetferrous mah:mia]c; a]fhnugh closerto that of aluminium.-This is advanfngannc for cycfn n design

consideration.

The special purpose abrasion-resistant grades of ausferritic spheroidal graphite iron have high
hardness. One grade is slightly less hard than the other and, thus, has better impact resistance. As
always with abrasion-resistant materials, the environment determines the most appropriate material.
In general, these grades have been successfully applied where considerable savings have been possible
in comparison to steels.
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Table 11 — Grades of ausferritic spheroidal graphite iron with common applications

Grade of ausferritic General property Applications
spheroidal graphite iron combination

ISO 17804/]S/800-10 High fatigue and impact Suspension components such as control arms or
resistance combinations for |steering knuckles, housings, brackets, subframes

IS0 17804/]5/900-8 dynamic components, best  |for off-highway applications, light vehicle

IS0 17804/]S/1 050-6 low temperature properties |recovery/tow hooks, all-wheel drive transmission
and machinable after heat differentials, splined pulleys and shafts, planet
treatment. carriers, pump components, driven crankshafts,

Cylnder cievis, piStons and rod ends.

Best compromise between Low to medium speed gears, excavator bucket
wear and dynamic properties|teeth, agriculture seeding points, agriculture

1S0 1780}4/]S/1 200-3 with good fatigue strength  |hitches and railroad motion control components.

and impact resistance along
with
increased wear resistance.

ISO 1780

Fair fatigue strength in High speed gears-transmissigns, agriculture

combination with good wear [tillage, harvesting wear ceinponents, aggregate

resistance and higher crushing, pump impellers; pump cases, pump
4/]S/1400-1

allowable contact stress. wear pads, rock guands;-wear shoes, wear guards

(agriculture and censtfuction/mining) and rollers
for conveyors.
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5922, Malleable cast irons

erview

P specifies the requirements for two types-of malleable iron: blackheart and whitehear

y referred to as being in the “hard” state.

ce the required structure comprising graphite in a ferritic, pearlitic, mixed ferritic/pearlit
hed and tempered matrix, all malleable castings are subjected to heat treatment and here t}
hg of blackheart and whitelieart malleable irons differ. Blackheart malleable irons are annealg
ral, non-decarburizingsatmosphere, whereas whiteheart malleable irons are annealed in 3
5, decarburizing atmesphere. A variant of the whiteheart malleable heat treatment proce
b intensive decarbdrization provides an important third type of malleable iron known 4§

o

art weldable malleable iron”.

inal reason<for these definitions of malleable irons was the colour and appearance of th
| sectionef'the material. Blackheart, as a fully ferritic material with temper carbon, has a dar
fracturesdppearance, whereas whiteheart and also the pearlitic blackheart grades usual
brightcrystalline, white fracture, which is, in the latter case, associated with the presence
nthe matrix, in contrast to abrasive resistant white irons, where the white fracture surfa

nterials are produced with a low silicon centent, such that solidification in the mould resulf
in castir1lgs with a structure comprising a combination of pearlite and carbide. At this stage, they a1
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grades are fully decarburized and no pearlite exists, their fractures are a fine crystalline, velvety grey.

In previous malleable specifications, three types of malleable irons were standardized: blackheart,
whiteheart and pearlitic. However, in ISO 5922, the pearlitic grades are incorporated into the blackheart
section, because the chemical composition is the same as that of the ferritic grades and the annealing
processes are very similar. Thus, in the terms and definitions of ISO 5922:2005, Clause 3, malleable
irons are subdivided as follows:

a) whiteheart malleable iron;
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b) blackheart malleable iron:
1) blackheart ferritic malleable iron;

2) blackheart pearlitic malleable iron.

These revised definitions, which are now used in other International Standards, have been highlighted

to avoid any confusion related to requirements specifically for pearlitic malleable iron which
be specified on old drawings and in company specifications.

can still

P npnrﬁnc of the malleahle irons are cpnrifinﬂ inISO '—'\'Q')')-')nn':’ Tabhles 1 and 2 Ten

blackheart malleable iron are specified with tensile strengths ranging from 275 MPa t6*§
with corresponding elongations between 10 % and 1 %. Five grades of whiteheart malleable

pecified with tensile strengths between 350 MPa and 550 MPa and with elongations betwsg
nd 3 %. The malleable irons also have useful impact resistance properties; their impact energ
re not specified, but typical values are given in [SO 5922:2005, Annex A.

L L

hen viewed under a microscope, temper carbon nodules are observed. in a range of
depending upon the grade, and they tend to be more ragged in appearancé than the spheroids

rades of
00 MPa,
rons are
en 12 %
ry values

matrices
found in

spheroidal graphite irons. Due to its higher silicon content in blackheart'malleable irons, theillr temper

carbon nodules are normally smaller and more numerous than those inwhiteheart malleable i

I whiteheart malleable irons, the number of temper carbon ifodules depends upon the d
decarburization, which is related to wall thickness and solidification rate. Wall thicknesses of]
gss are completely decarburized and do not contain any graphite or pearlite. A ferritic rim,
by a transition zone containing increasing percentages, of pearlite and temper carbon is obs
¢ction thicknesses exceeding 3 mm up to 6 mm. When the wall thicknesses exceed 6 mm, f

[—)

a wn

gure 13 shows the different structures of a whiteheart malleable iron material. In the case
ecarburized weldable whiteheart material, theé'carbon is removed, pearlite and temper carbor
e absent, and the structure is fully ferritie.

O Al

rons.

egree of
3 mm or
followed
erved in
here is a

pre zone of 100 % pearlite and temper carbon nodules behind the ferritic rim and the transition zone.

of a fully
nodules

Magnification x 200

NOTE Left to right: temper zone, ferritic rim, transition zone, core structure.

Figure 13 — Whiteheart malleable iron
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If the carbon content is 0,3 % mass fraction or less, whiteheart malleable irons can be welded without
utilizing additional processing methods and/or special welding techniques. Further information on the
welding of malleable irons is given in ISO/TR 10809-2.

Figure 14 shows a typical ferritic blackheart malleable iron material. Figure 15 shows a typical pearlitic
blackheart malleable iron material.

7N St "Rk

Magnification x 200\0\\

Magnification x 200

Figure 15 — Pearlitic blackheart malleable iron

9.2 Metal composition and carbon equivalent

Metal composition is not specified in ISO 5922. However, blackheart and whiteheart malleable iron
materials have different compositions, which are related to the differing time and temperature
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parameters of heat treatment described below. The chemical composition of weldable malleable irons
can be optimized for the welding process and to avoid the generation of temper carbon.

Whiteheart malleable iron grades typically contain 3,0 % mass fraction to 3,4 % mass fraction carbon
with 0,4 % mass fraction to 0,6 % mass fraction silicon. However, the composition of the blackheart
malleable iron grades has changed over the years. Originally, blackheart malleable irons contained
approximately 2,0 % mass fraction to 2,5 % mass fraction carbon and 0,8 % mass fraction to 1,0 % mass
fraction silicon resulting in requiring long heat treatment times to produce a ferritic matrix. Nowadays,
the silicon content is 1,25 % mass fraction to 1,50 % mass fraction, because the increased silicon level
promotes graphite formation and substantially reduces heat treatment time and cost.

Bismuth is added to blackheart malleable to ensure that primary graphitization (mottle) does’hot form.
ottle is more prevalent at higher carbon and silicon levels. Mottle is also more commeonly |found in
thicker section sizes.

anganese is used to neutralize the carbide-stabilizing effect of sulfur in malléable irons. The other
ements of major importance are chromium and phosphorus. They ideally need to be mdintained
elow 0,05 % mass fraction Cr and 0,1 % mass fraction P, because higher percentages haved adverse
'fects on structure and properties.

o T 02

he simplified carbon equivalent formula [see Formula (1)] is also yalid for malleable irons and, in the
hst, CEE determination was used as a measure of control. The compositional ranges are so narfrow that
e procedure has partly been replaced by the rapid spectrogtaphic (optical emission spectroscopy,
S) analysis.

5 =

9/3 Heat treatment

9{3.1 General

Heat treatment is a fundamental requirementfor the production of malleable irons because it{converts
a|virtually unusable iron-carbide-containing material into the range of useful engineering grades
dpscribed in 1SO 5922.

3.2 Blackheart malleable irons

bcarburizing atmosphere, i.e. under a neutral protective gas with a predefined dew p¢int at a
Faphitizing temperature-ef about 930 °C to 960 °C, during which the iron carbides decompos¢ to form
temper carbon in an-austenitic matrix. The rate of decomposition of the eutectic carbide regulates the
ldngth of the holding time. This so-called “first annealing stage” is identical for all ferritic, peatlitic and
gpenched and tempered blackheart malleable irons.
F

9
Tp avoid excessive scaling, blackheart malleable iron castings are heat treated in a controlled non-
d
g

br ferriticblackheart malleable irons, the first stage of annealing is followed by fast cooling in the same
furnace te800 °C. The temperature range between 800 °C and 720 °C is passed through very slowly at
coolingrate that continuously decreases from an initial 10 °C/h to a final 1,5 °C/h to 2,0 °C/h. During
this anneallng phase the austenlte is gradually converted to ferrlte plus graphlte with the carbon

¢ 2 cum approximately
720 °C the castlngs are removed from the furnace Thls heat treatment process generates a structure
of temper carbon nodules in a ferritic matrix. The temperature ranges of the three stages described
above is highly dependent upon the silicon content of the material and the annealing cycle sometimes
needs to be adjusted accordingly.

o)

In the case of blackheart pearlitic cast irons and the quenched and tempered grades, at the end of the
first annealing stage of around 930 °C to 960 °C, fast cooling occurs down to a temperature of 900 °C to
905 °C. The castings are then ejected from the furnace and intensively cooled by blowers. This provides
a basis for the second annealing stage, which produces the different grades of pearlitic or quenched and
tempered blackheart malleable irons.
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The second annealing stage for the pearlitic grades is completed in low-temperature annealing
furnaces. The holding temperature and time define the grade, and, thus, the mechanical properties.
Annealing temperatures range from 720 °C to 680 °C with holding times between 2 h and 5 h. The
holding temperature and time depend on the elements C, Si, Mn, P and S, together with trace elements
such as Cr, Ni, Sn and Ti which can affect the annealing cycle. The second annealing stage results in
a transformation from lamellar to granular (or spheroidized) pearlite with noticeably improved
elongation and toughness properties. Another production option for blackheart pearlitic malleable
iron involves alloying with manganese, which is a pearlite stabilizer. The second-stage annealing cycles
must then be modified accordlngly By anneahng blackheart malleable iron in a neutral atmosphere the

9.3.3 hiteheart malleable irons

Whiteheprt malleable irons are produced by annealing the castings in an oxidizing/décarburizing
atmosphlere using a controlled gas atmosphere.

Modern |gas malleablizing is carried out in annealing pots without iron ore?in a controlled gas
atmosphlere including the injection of water vapour into the annealing furnacexThe K value (CO,/dO
ratio) adjusts the oxidizing potential of the atmosphere. The annealing temperatures can be elevatgd
to betwden 1 050 °C and 1 060 °C, which significantly shortens the graphitization and decarburizatign
processes during the annealing process.

The medhanical properties of whiteheart malleable irons are ptimarily affected by the degree pf
decarbutization as thinner wall thicknesses generally decarburize faster than thicker ones. Thus, the
structurps and the mechanical properties are dependent uponsthe wall thickness. [SO 5922 address¢s
this by sfandardising four test pieces with 6 mm, 9 mm, 12, mm and 15 mm diameters. In the rupture
test, the|6 mm test pieces show the lowest tensile strerigth with the highest elongation, whereas the
15 mm test pieces possess the highest tensile strength:and the lowest elongation.

The secdnd stage of annealing is comparable to that for blackheart malleable irons. Because of very
slow codling in the temper pot, castings annealed in iron ore must undergo a normalizing treatment
at 860 °C to 870 °C followed by air cooling:-prior to spheroidizing the pearlite. The spheroidizing
temperagures for whiteheart malleable irons are between 700 °C and 760 °C, according to the materipl
grade to|be targeted. By lengthening the annealing time, weldable malleable irons can be decarburizgd
to a max{mum residual carbon contentof 0,3 % in wall thicknesses of < 8 mm, to guarantee unrestrictgd
weldabilfty.

A comm¢n practice for high-¥olume production is to use a short-cycling heat treatment technique In
continudus furnaces where‘the complete cycle is controlled.

9.4 Graphite formyand size

The graphite inalleable irons is dictated by the decomposition of the eutectic carbides to produge
temper ¢arbon-nodules (see Figures 13 to 15). The number and size of the temper carbon nodulgs
are depdndent first upon the chemical composition of the as-cast malleable iron, and second updn
the ledeburitic carbhide which is determined hv the solidification rate in relation to wall thickness.
Graphitization controls the process time of blackheart malleable iron castings which can also be
reduced by boron additions, as opposed to whiteheart malleable iron castings where the process time
is controlled only by decarburization. The addition of boron decreases the processing time in state-of-
the-art production. Thus, blackheart malleable iron castings normally show smaller but more numerous
temper carbon nodules, mainly influenced by the silicon content.

9.5 Mechanical property requirements and the influence of structure

Malleable irons have some similarities to spheroidal graphite irons. These similarities include the fact
that the matrix, as opposed to the graphite, principally dictates the mechanical properties. Thus, when
adjustments to metal composition and heat treatment are required to meet specified properties, they
are confined only to those that influence the matrix structure.
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Mechanical properties of whiteheart malleable irons are standardized in ISO 5922:2005, Table 1,
for five grades at four possible test piece diameters (6 mm, 9 mm, 12 mm, 15 mm). The basis for the
designation of each material grade is the specified minimum value of the mechanical properties in the
12 mm test bar. As a consequence of the decarburization, the values for tensile strength, 0,2 % yield
strength, and Brinell hardness increase with increasing test bar diameter, whereas the elongation
decreases. This influence of the test bar diameter can be explained by the growth of the core, which
is affected by decarburization, thereby increasing pearlite, which is responsible for strength. For
example, the properties in a 15 mm test piece are unlikely to reflect the properties in a 6 mm casting
sectlon and a sultably sized bar will need to be chosen to validate the castlngs The influence ofpearhte

of tensile properties in grades with a fully ferritic matrix. All of these adjustments involve gdditions
that strengthen the ferrite, including a modification of the manganese content, which affects tensile
frength, and of the phosphorus content, which affects yield strength. The most powerful element that
strengthens ferrite is silicon, but when silicon is raised, higher additions of bismuth are required in
ofder to ensure an initial matrix structure of pearlite’and carbide, free of primary graphitg prior to
hpat treatment, which is unusual for cast irons. Unmachined test pieces are used to take intq account
a
p

%]

ny influences of surface structure that result from.the heat treatment operation. This influende applies
hrticularly to whiteheart malleable irons, for the reasons described in 7.3 and 7.5.

\O

L6 Impact properties

p—
Lo

0 5922 does not specify impact prdperties, although informative data are provided in ISO 5922:2005,
nnex A. These properties relate toboth notched and unnotched test specimens in both whiteleart and
ackheart malleable irons. Seme users demand impact properties in addition to the specified tensile
Foperties to indicate that-the castings are suitable for the intended application. ISO 5922:2005, 7.4,
pecifies the phosphoruglevel and the procedure to be adopted under such circumstances, byt it is up

the manufacturer and -purchaser to agree on the type of test, notched or unnotched, as well as the
inimum impact properties that must be achieved.

LT o >

:;('Y‘

7 Sectionsensitivity

alleablefiron castings are manufactured in a range of wall thicknesses from 3 mm to approximately
D mm. Because the graphite in malleable irons (temper carbon) is not formed until apnealing,
ackheart and completely decarburized whiteheart malleable iron exhibit the lowest section
s¢nsitivity of all graphitic Fe-C materials. For whiteheart malleable iron, the drastic decarburization is
limited to wall thicknesses in the range between 3 mm and 4 mm, i.e. to extremely thin-walled castings.
Whiteheart malleable castings above this wall thickness range are not completely decarburized. With
increasing wall thicknesses, they exhibit increasing fractions of pearlite. Thus, this material exhibits
a reverse section sensitivity, meaning that with increasing wall thickness, the fraction of the pearlitic
core zone increases along with hardness and strength. The influence of wall thickness can be shown by
comparing the specific values in ISO 5922 of the four test pieces with 6 mm, 9 mm, 12 mm and 15 mm
diameters.

T = O

9.8 Choosing the grade

The range of applications for whiteheart malleable irons is extremely wide, and the spectrum of
mechanical requirements ranges from low to extreme service conditions. A useful property of malleable
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castings is their ability to be easily galvanized, e.g. pipe and fence fittings and kitchen equipment. The
grade of material to be used depends simply upon the stresses applied in service. Comparison of the
requirements and service conditions with the specified mechanical properties in ISO 5922 (tensile

strength, 0,2 % yield strength or impact resistance, if required) or with other special properties (e.
weldability) allow the correct choice to be made among the five grades of whiteheart malleable irons.

g.

Blackheart malleable irons are used in a wide range of components. Pipe fittings, which are still
manufactured in whiteheart malleable iron in Europe, are traditionally produced in the United States
and Japan using ferritic blackheart malleable iron. An extra-wide range of applications is utilized by
the automotive industry, including front-axle suspensions, suspension arms, gearboxes, rear-axle

housingg, pump cases, camshafts, brake drums, wheel trunks, rocker arms and bell cranks. This volun
comprisg¢s parts with a mass from a few grams to more than 20 kg. In general, the mechanical propettic
of blackheart malleable and spheroidal graphite irons are very similar. Therefore, the applicatiq
examplef are also very similar. In applications where stiffness (Young’s modulus) is impoOxtant an
compongnt shape cannot be modified, designers will generally recommend whiteheart malleable iron

The ferrjitic grades JMB/275-5 to JMB/350-10 have the lowest tensile properties,but high ductilif
infg good machinability, which makes the grades ideal for components thatrequire high-volun
machining. A good example is pipe fittings, which are produced in‘high volumes and aj
subsequéntly machined and threaded.

The intefmediate grades J]MB/450-6 to JMB/550-4 find applications where*higher strength is require
in combipation with good ductility. Because the fatigue properties ineréase in proportion to the tensi
strength), these materials can be useful where service conditions inyvolve some dynamic loading. Pump
suspension units and reciprocating parts fall into this category.

The highler grades JMB/600-3 to JMB/800-1 are very similar to-the higher grades of spheroidal graphif

irons. Al| have high tensile strengths with low elongation.@b impact resistance and are valuable eithg
directly pecause of their high tensile strength or because this imparts good fatigue properties. Higl
pressurg hydraulic valves and other parts that requitre high tensile strength and fatigue propertie
but low dluctility and impact resistance, fall into thiscategory. In order to achieve satisfactory servig
performance, the actual choice of these materials'depends on the design requirements.

10 I1SO(16112, Compacted (vermicular) graphite cast irons

10.1 Overview

Compacted graphite cast ironS'are sometimes called “vermicular irons”. Their properties are specifig
in ISO 14112:2017, Tables 1¢and 2. The benefit of using this material is related to its strength, which

higher than most grey irémgrades, but with a thermal conductivity better than that of spheroidal iror.

The graphite form, umlike the normal smooth-sided and sharp-pointed Type A flake graphite found

e
LS
n

y

eI

—
1

e

grey cast irons, iswormlike and compacted, hence the names. It results from treating with magnesiu

typically contain about 0,03 % to 0,06 % magnesium, compacted iron contains about 0,015 %

in a conlcentration insufficient to produce spheroidal graphite. Whereas spheroidal graphite irm{s

n
m

(0]

0,020 %) Iis common to see some spheroids in a compacted iron, as illustrated in Figure 16, due {o

differences in cooling rates with changing section thicknesses.
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Magnification x 200

Figure 16 — Graphite spheroids in compacted graphite iron

Dleep etching shows the compacted nature of the graphite ih the eutectic cell in Figure 17.

Magnification x 350

Figure 17 — Deep-etched compacted graphite iron

10.2 Compacted graphite iron — intermediate properties

Compacted graphite irons have properties that are approximately midway between grey and spheroidal
graphite irons, with the exception of thermal conductivity which tends to be closer to that of grey iron.
These properties are beneficial in applications where thermal conductivity is important, but where
grey castiron does not have sufficient tensile strength.

The compacted graphite shape results in increased tensile properties, such that the lowest grades
of compacted iron are comparable with the highest grades of grey iron. This increased strength
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in combination with good thermal properties can be utilized where heat transfer is important. This
property combination is of particular benefit in the automotive industry for the manufacture of cylinder
heads and blocks. Typical thermal conductivity properties of grey, compacted graphite and spheroidal
graphite irons are given in Table 12.

Table 12 — Thermal conductivity of grey, compacted graphite and spheroidal graphite irons

Comparison of thermal conductivity
W/(m x K) — by grade
Material/grade | 'Tempe*‘aoc tFe T 7150 [JL/200 | JL/250 | JL/300 | JL/350
100 66 53 51 48 45
Grey
400 47 44 42 41 40
Material/grade Tempfcrat“re JV/300 | JV/350 | JV/400 | V7250 | JV/500
100 45 42 39 37 35
Comphcted
400 42 40 38 36 34
. Temperature IS/ JS/
Material/grade oC 100-18 Blank 500-7
) 100 36 Blank 35
Spherjoidal
400 36 Blank 35

10.3 Effect of structure on properties

Because|the production route mirrors that of spheroidalgraphite iron, the matrix structure can he
modified by alloying, or sometimes by heat treatment, to produce a range of mechanical propertie
With corhpacted graphite irons, both the matrix and-the amount of spheroids present in the structure
influenc¢ the properties of the material.

N

10.4 Metal composition and carbon equivalent

ISO 16112 does not specify metal composition requirements; metal composition is left to the discretign
of the manufacturer. The mechanical'property requirements of the various grades in the specificatign
are usually met by alloying. As with $pheroidal graphite irons, the carbon equivalent does not need to he
controlldd in the same way as in\grey cast iron. In principle, it is possible to meet the material demands
of all the|grades utilizing a fairly narrow range of carbon and silicon contents, with the process window
for compacted graphite irotrbeing narrower than that for spheroidal graphite iron.

10.5 Graphite formand size

ISO 16112 describes compacted graphite iron as a material that contains a minimum of 80 % graphite
in the compacted form, defined as ISO 945-1:2019, Form III. The remaining graphite is typically Forms[V
or VI. The-six graphite forms are shown in Figure 7. Deviations from the percentage of compactgd
graphitelfermsare sometimesagres veen-themanufacturerand-the purchaser

InISO 16112, typical nodularity is between 5 % and 20 %. This is illustrated in ISO 16112:2017, Annex B,
which also gives guidance on graphite particle size and roundness. The nodularity microstructures can
be used for comparison to evaluate test samples at x 100 magnification.

In ISO 945-1:2019, form designations IlII, IV, V and VI give rise to the common expression “percent
nodularity” when describing the graphite structure of both compacted and spheroidal graphite
irons. However, opposing meanings can apply, depending on whether the reference is to compacted
or spheroidal graphite iron. For compacted graphite iron, percent nodularity means the maximum
number of spheroids that are acceptable in the material, whereas in spheroidal graphite iron it means
the minimum acceptable amount of spheroids.
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ISO 16112:2017, Clause B.10, requires the location of the nodularity test to be agreed between the
manufacturer and the purchaser. This requirement is to ensure consistency of testing within the
constraints of the section sensitivity. ISO 945-1 also designates eight sizes of compacted graphite. The
graphite size can be specified together with the form, if this is considered important.

Because of the interaction between the liquid metal and the mould surface, a degenerate surface layer
containing flake graphite and the possible formation of inclusions is often unavoidable. When this is
not acceptable, the surface layer can be removed by machining and/or shot blasting. The maximum
depth of this degenerate surface layer can be agreed upon between the manufacturer and purchaser, if
necessary.

1)0.6 Section sensitivity in compacted graphite iron

The manufacture of compacted graphite iron is similar to the production of spheroidal graphite iron.
owever, compacted graphite iron with a structure similar to that shown in Eigure 6 has & section
s¢nsitivity closer to grey irons. As the wall thickness increases and the solidification rate d¢creases,
there is a lesser tendency for graphite spheroids to form. Thus, thick-walled sections will contgin fewer
npdules than thin sections and the properties will differ. This is illustrated/by the mechanical property
r¢quirements shown in ISO 16112:2017, Table 2, for samples machined from cast-on samplefs. As the
r¢levant wall thickness increases, the property requirements are reduced, because of the influence of
solidification time and, thus, reduced numbers of nodules are likely~te’'be present.

Ifcreasing numbers of nodules will increase both the temsile strength and elongation. However,
igcreasing the number of nodules in the material will reducé.thermal conductivity. The principal reason
far the increased use of compacted graphite iron is because it has similar thermal conductivity to that
of grey iron, together with better mechanical properties;

I compacted graphite iron castings, an increase in‘'the nodule number lowers the thermal conductivity.
Thus, the designer and engineer will need to determine the critical wall thickness area of the dasting in
térms of both mechanical and thermal properti€s and, if needed, specify this area as the locatign for the
test. ISO 16112 specifies a maximum of 20 % of Form V and Form VI graphite, which would then apply
this location. The manufacturer can adjust the treatment process to meet the specified reqfiirement
the appropriate section, but, if there-is a wide variation in the wall section thickness, cannjpt adjust
the process to provide a uniform graphite shape throughout the casting. This is the reason why the test
Iqcation needs to be agreed between the manufacturer and purchaser.

1/0.7 Matrix structure-and the resultant properties

[§0 16112:2017, Table 1,/shows five grades of compacted graphite iron. As the tensile strength increases
the elongation decreases. The lowest tensile-strength grade (JV/300) has a predominantly ferritic
matrix; the highesttensile-strength grade (JV/500) is fully pearlitic. The intermediate tensile{strength
grades contaifvmixtures of ferrite and pearlite. Alloying additions are normally introduced intd the melt
td produce-the various grades. The alloying additions are usually the same as those used for spheroidal
graphitedrons. Copper is normally added, with tin as an alternative.

1/0:® Heat treatment

Heat treatment is not specifically required as part of the manufacturing process, although remedial
action can be taken if test pieces fail to meet specified properties. Such remedial action would involve
either annealing or normalizing. Stress relief is a further option in the case of complex parts that can
produce dimensional change during machining.

In special cases, compacted graphite iron can be austempered to increase tensile strength up to 700 MPa
with a corresponding improvement in wear resistance. Isotherming heat treatment can also be applied
with the purpose to enhance the mechanical properties, while maintaining the thermal conductivity up
to higher temperatures compared to austempered compacted graphite iron.
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10.9 Choosing the grade

All of the compacted graphite iron grades are primarily used in applications where heat dissipation i
an important design property.

S

Grade JV/300 has the lowest tensile strength together with the highest elongation and thermal
conductivity. This grade is ideal in circumstances where strength is not the main criterion for design,
although the tensile strength of JV/300 is higher than that of most of the grey iron grades. Examples of
applications for JV/300 are in the manufacture of some exhaust manifolds and cylinder heads for large

marine applications.

Grade JW/500 has the highest strength and still retains good thermal properties and improvedrwea

resistange, even though its ductility is negligible. This grade is commonly used in the manufacture
of autonjotive cylinder blocks and other components that are highly stressed in service, be¢ause the
fatigue groperties are also improved, due to the higher tensile strength. The intermediate-grades from

JV/350 t¢ JV/450 show progressive increases in tensile strength, wear resistance and fatigiie properti¢
while pifoviding good thermal conductivity and are used in a wide range of applications, such a
bedplates, cylinder heads, pump housings, cylinder blocks and hydraulic components.

11 1S0(2892, Austenitic cast irons

11.1 Overview

The property requirements of austenitic irons are specified ifdSO 2892:2007, Tables 3 and 4. The
austenitic irons are principally designed to provide good heatiand corrosion resistance. Some of the
grades Have other valuable properties, such as good impaet resistance at very low temperatures,
oxidatiop resistance, low thermal expansion and the advantage of being non-magnetic. The materigl
grades dre divided into two distinct types: engineering grades and special-purpose grades. The
minimurp content of 12 % mass fraction nickel means that all grades are commonly known as “Ni-

resist”.

The high level of nickel and other elements in-the material stabilizes the austenite, such that instedd
orming to pearlite and/or ferrite:when the material solidifies and cools, austenite is retaingd
down to [very low temperatures. Therefore/the grades have an austenitic matrix, which can also contaln

of trans

chromium-rich carbides if the chromium level is sufficiently high.

spheroidal graphite. The original research on the austenitic iron materials involved the manufactu
of grade$ with flake graphite,forms, because it preceded the development of spheroidal graphite iro
in the 1940s. Spheroidal graphite containing austenitic irons were subsequently produced to overconi
the disaglvantage of low/tensile properties obtained from cast irons with a flake graphite form. Th

The austenitic irons are graphitic-irons and, depending upon the grade, can contain either flake I

austenitic grades hayve a matrix that cannot transform to other constituents. Therefore, no significanpt
improvement in.fnéchanical properties and performance is possible by a heat treatment process. Any
heat tregtment=applied is confined to stress relieving and stabilizing treatments in order to maintajn

dimensignal‘tolerances when castings are machined and/or in service.

€ SOWT 1N FIPUTEs 18 and e particular erades SIowT

Typical str § D 2 : s 0
chromium rich carbides; the carbides are absent in the low-chromium grades.
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Magnification x 200

Figure 18 — Flake graphite austenitic iron

Magnification x 300

Figure 19 — Spheroidal graphite austenitic iron

11.2 Effect of structure on properties

Castirons with an austenitic matrix do not have particularly high tensile strengths; the highest-strength
grade containing spheroidal graphite has a minimum tensile strength of 440 MPa. The maximum
value in practice rarely exceeds 420 MPa. Furthermore, the flake graphite grades are specified to
have minimum tensile strengths of 140 MPa (for the special purpose grades) and 170 MPa (for the
engineering grades) with the maximum value in practice rarely exceeding 200 MPa. Thus, the materials
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are not used for very high-strength applications, although there is a clear advantage in utilizing the
spheroidal grades where tensile strength is a consideration.

11.3 Chemical composition and its effect

ISO 2892 is one of two cast iron International Standards that specify chemical composition. The other
is ISO 21988 for abrasion-resistant irons. In the case of all the other cast iron types, the chemical
composition is at the discretion of the manufacturer.

The range of chemical composition required for each grade is specified in [SO 2892:2007, Tables 1 and 2,
with thelunderstanding that other elements can be present, provided that they do not adversely affeft
structurg and properties. Elements are specified within the material composition to produce speeifiic
propertips and performance.

The maximum carbon content is specified as 3 % mass fraction, although some grades with very high
nickel cdntents have 2,4 % or 2,6 % maximum carbon content. This lower maximumJearbon content
is specifled to meet the required mechanical properties of austenitic irons if the material is strongly
hypereutectic and to minimize casting defects in the material. The simplified carbon equivalent formula
[see Formula (1)] ignores other elements such as nickel, because at trace levels'their influence on CHE
values is|insignificant. All elements influence CEE to some extent, but nickel has the greatest influence.
With nickel at levels between 12 % mass fraction and 36 % mass fractiomriacross the range of grad¢s
and with] a high carbon content, the material can be strongly hypereutegtic. Thus, the carbon content jis
lowered pnd carefully controlled to avoid a hypereutectic structure.

The silidon content ranges in each grade are sufficiently wide“to ensure the avoidance of excessive
carbide formation in varying section thicknesses. Silicon contents tend to be higher in thin sections
compared with thick sections. The exceptions are the grades'nominally containing between 4 % mass
fraction pnd 6 % mass fraction silicon to improve high-temperature growth and scaling properties.

Nickel is|essential to produce the stable austenitic matrix. In pure iron-nickel irons, 30 % mass fractign
nickel isrequired to achieve this matrix, but the présence of carbon, copper, manganese and chromium
all help tp reduce the amount of nickel required:in the specified grades.

Copper is added in a range of 5,5 % mass.fraction to 7,5 % mass fraction to enhance the corrosign
resistange of the flake graphite grade JLA/XNi15Cu6Cr2, while the level of copper in all of the remaining
austenitic grades is limited to 0,5 %.

Mangangse is an austenite stabilizer with good solubility. It is used in the flake graphite-containing
grade JSA/XNil3Mn7 and in the-spheroidal graphite-containing grade JSA/XNi1l3Mn7 to reduce the
amount ¢f nickel required ta.obtain completely non-magnetizable materials.

Chromium improves heat;‘corrosion and erosion resistance, and resistance increases in proportion fo
the amofpint of chromitun present. There is a limit to the amount of chromium that can be introducgd
before uhacceptable’amounts of carbide are produced and mechanical properties decline. Only abouit
0,5 % mpss fractien chromium is dissolved in the austenitic matrix; the remainder is present in the
carbide phase The disadvantage of chromium is that it reduces notch sensitivity, which is why low
chromiuprgrades with good ductility and impact resistance form part of ISO 2892.

Molybdenum is not specified within ISO 2892, but footnotes refer to its addition to improve high-
temperature properties, particularly heat resistance and creep. A typical addition would be 1 % mass
fraction molybdenum.

Niobium is added to only one grade, JSA/XNi20Cr2Nb, to improve weldability by preventing microcracks
in the weldment and heat affected zone. A footnote indicating the formula that provides the desired
level is given in [SO 2892:2007, Table 1. In practice, the residual niobium level in the casting is between
0,12 % mass fraction and 0,20 % mass fraction niobium.
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