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1 Introduction

Some industries require gear units that are made to a certain specification set by a 
classification society. These gears require an extensive and well documented 
certification process in order to be classified as fit to serve. At the moment special gears 
have been done to customer specifications. These gears are made-to-order and the 
classification process is done for the individual gear. This causes extra work and delays 
at the production line as well as the quality department. The Gear Manufacturer (GM) is 
interested in constructing jacking gear systems and winches for the offshore industry. 
Both types of gears require them to be marine classed.

The goals of this thesis are to 1) create a coherent and usable classification process for 
these gears at a gear manufacturing facility, 2) build a laboratory that can facilitate the 
required testing needs and 3) test the mechanical and low-temperature properties of 
austempered ductile iron (ADI) grades used by the gear manufacturer. The tests will be 
done as part of a case study on ADI planetary gear units with internal steel gears. The 
tests will also include low-temperature impact tests, on two ADI grades.

Based on the findings a new classification process will be created. To service the testing 
needs of this process, a material testing laboratory will be designed and built.
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2 Theory

This chapter will cover the theoretical background of the studied issues and give an 
introduction to the industries in which the products and materials will be performing.

2.1 Intended uses
The goal of the GM is to provide gear units for both offshore jack-up units as well as 
winches for marine and offshore applications.

2.1.1 Jack-ups

A self-elevating unit which is also known as a jack-up is a sea vessel or oil-drilling rig 
with a buoyant hull, legs and a lifting system. The hull makes it possible to transport the 
unit and associated machinery to a desired location. At the desired location, the legs are 
lowered to the sea bed by the lifting system which is also known as the jacking system. 
This allows the vessel to stand on the legs with the hull raised above the water. 
Generally such units are not self-propelled. They are instead transported by tugs or 
heavy lift ships.

The hull is water-tight and contains all the equipment, housing, systems and personnel 
needed to perform its tasks. When the unit is floating, the hull provides buoyancy and 
supports the weight of the legs and jacking system. The legs and footings of the jack-up 
are made of steel. They support the hull, when the unit is elevated and provide stability. 
The footings increase the area, where the weight of the unit is divided. This reduces the 
required soil strength. In the floating mode the legs may extend over 150 m above the 
surface of the water. A typical jack-up will have three or four legs.

Jack-up vessels are used for exploratory drilling and wind farm installation service. 
They offer a platform on which all the necessary equipment can be transported and the 
crew can work and live on. As of October 2012 there are 493 jack-ups in service around 
the world and 72 being built (Shipbuilding history 2012).

A typical jack-up is capable of working in rough offshore environments with wave 
heights up to 24 meters and wind speeds over 50 m/s.

The mobile offshore drilling units (MODU) are typically classed by a known 
classification society, which means that all the equipment and machinery, such as 
jacking gear systems, must also be certified.

2



Figure 1: Jack-up rig in the elevated position (Gusto 2009)

Legs

A jack-up is fitted with support legs that can be raised or lowered. The jack-up is 
usually towed to the desired location. There the legs are jacked down to the seabed. This 
is followed by preloading, where the legs are driven into the sea bottom by the weight 
of the hull and additional ballast water. Preloading is done to ensure that the legs will 
not penetrate any further during operation. After preloading the jacking system raises 
the hull above the water level to a predetermined height, called an air gap. The air gap 
allows waves and tides and other loadings act only on the legs instead of the entire hull 
(Vazques et al. 2005).
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Preloadiag At Fall Air sip With Environmental Loads
Figure 2: Stages of the jacking process (Vazquez et al. 2005)

In the elevated mode the legs of the jack-up are subjected to environmental loads such 
as wind, wave and current loads. Generally the bigger the legs and footings are the more 
stable the unit is in the elevated mode. In the floating mode large legs cause instability 
due to the large wind surface and high center of mass.

All jack-ups have mechanisms for lifting and lowering the hull. The most common 
jacking gear structure is the rack and pinion type (Figure 3 and Figure 4). This type of 
gear translates the rotational motion of the pinion into linear motion of the rack. The 
legs of the self-elevating unit have racks attached to it. The gear units are attached to the 
self-elevating unit. The climbing pinions move the racks and subsequently the legs, thus 
lowering and raising the unit. The gear units are driven by electric or hydraulic motors.
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Figure 3: Schematic drawing of the jacking system

Figure 4: Left: Rack and pinion. On the right jacking gear units of the jacking 
system (Vazquez et al. 2005)

It is normal for gears in these kinds of applications to only experience a few hundred 
cycles in their life cycle. It is normal they are designed and rated for a fixed life. The 
life cycle rating is composed of an estimated period of operation at the various loads the 
system will experience. Such loads can be lifting or lowering leg weight, lifting and 
lowering the hull, preload lifting and preload conditions etc.
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Older jack-up rigs or rigs that have been moved a lot may experience damage of the 
jacking system gears and climbing pinions. Damages can range from metal flow to the 
tooth edge, wear on the tooth surface or flaking from the tooth surfaces known as 
spalling (Vazques et al. 2005).

Normally at least one of the gear units in the system is a planetary gear. Planetary gears 
have high torque capability. This is due to the load being shared by multiple planets. 
Usually the more planets there are in a system the more load ability and torque density a 
planetary gear unit has. This also leads to a good stability and even distribution of mass.

Normal spur gears are attached to the planetary gears. The entire structure is one where 
an electrical motor turns the spur gear unit, which turns the planetary gear unit, to which 
the climbing pinion is attached (Figure 5). This allows for a lot of torque to be 
transmitted.

Pinion

Three stage planetary gearbox

Failsafe

Electro

Jacking drive units

Three stage spur 
gear

Figure 5: Typical jacking system, including motor, spur gear units and planetary 
gear units (Gusto 2009)

Two rigs of this type were built by the Finnish Rauma Shipyard (Noble Kolskaya and 
West Janus, built in 1985 and 1986, respectively). They were designed for arctic use 
and the jack-up systems were produced by Santasalo. ADI's strengths in these kinds of 
applications are its good low-temperature properties as well as its strain hardening 
characteristics. Jack-up systems with gears made of ADI are in service today on the 
jack-up rig West Janus. Noble Kolskaya sunk during towing in 2011.
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2.1.2 Winches

Winch is a mechanical device which is used to adjust the tensile load of a wire or rope. 
Winches can be found in a variety of applications, including the marine and offshore 
industry. Winches in offshore application are used for mooring, towing and cranes.

Figure 6: Marine winch (Appleton Marine 2012)

Due to the harsh working conditions and considerations for safety of life at sea, also 
winches need to be classed by a classification society. The machinery classification 
which applies to jack-up gear units and winches is usually derived from the rules set for 
ship propulsion (Montestruc 2010). The testing requirements are similar in all cases.

2.2 Classification societies and the offshore industry

Classification is a verification service provided by a 3rd party society such as Det 
Norske Veritas (DNV) or American Bureau of Shipping (ABS). Classification societies 
have an important role in the offshore industry. They create their rules and standards 
according to which approval is given and provide guidance (Feijo et al. 2009). The 
services also include the development, construction, and operation of offshore units. 
These services provide assurance that the standards and rules set by the society are 
followed during the design, construction and maintenance of the jack-up. They also 
indicate that the vessel meets the minimum industry standards and is in compliance with 
the sound engineering principles.

The societies perform their mission by (Feijo et al. 2009):

1) Developing rules and guides which establish the minimum acceptable standards 
for the design of marine and offshore vessels,
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2) conducting design review of technical drawings, documents and methodologies 
to make sure that the design is in compliance with the set rules and standards,

3) carry out surveys to ensure that components and systems are built according to 
the approved drawings and standards,

4) perform periodic surveys over the life of the vessels and their systems to verify 
that they remain within the rules and standards despite of wear and tear.

For the Gear Manufacturer (GM) to be able to sell gears for these applications, the gear 
units must be classed by a society. For this the manufacturing and testing process must 
be well documented and testing reports made available for a society's surveyor.

ABS was chosen to be the classification society of which standards the process will be 
created. ABS is the leading classification society for offshore exploration units such as 
jack-ups, drill ships and semi-submersibles. By the end of 2011 ABS had in class 403 
self-elevating drilling units, which is the majority in the world (ABS 2011, Shipbuilding 
history 2012). The testing procedures proposed in this thesis will focus on the 
certification process of ABS.

The main reasons of requiring classification are (ABS 2011):

1) Protection of Capital Investment
Financiers of offshore vessels require that the vessel is designed, built and 
maintained according to neutral 3rd party standards. This makes the investment 
less risky.

2) Conformance with Underwriting Requirements
Insurance underwriters require that the vessel complies with the industry 
standards before granting it insurance.

3) Indication of Due Diligence
Classification indicates that the ship owner has exercised due diligence in 
constructing and maintaining the vessel.

4) Indication of Proper Maintenance
A vessel's class certification must be renewed periodically. A 3rd party 
classification verifies that the vessel is still in compliance with the standards and 
rules.

5) National Statutory Requirements
Most nations require that vessels in their registry must be classed.

The classification standards cover a wide array of requirements. This includes but is not 
limited to materials, welding, design, work shop testing and final testing on the vessel.
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2.3 Austempered ductile iron (ADI)

The austempering process was first developed for steel in the 1930's by Bain et ai. in 
the United States. By the 1950's technology existed for both ductile iron and the 
austempering process and the first reference to what is now called ADI was made in 
Germany in 1951 by von Hummel (Russel Ductile Castings 2010). First industrial scale 
operations started with Kymenite in Finland by Kymi Kymmene Engineering. The idea 
originated from Högfors foundry in 1962, when Santasalo adopted nodular iron for their 
gears. It was noticed that when following international standards for nodular iron, the 
real properties of the material were not utilized to their full potential. Research and 
development of nodular iron was started with the aim of improving and discovering the 
metallurgical and heat treatment techniques (Vesanen c. 1980).

During the research it was found that an isothermal heat treatment can significantly 
improve the mechanical properties of nodular iron (Vesanen c. 1980). The unique 
properties were first thought to be due to a bainitic microstructure and controlled by 
retained austenite content. Later research showed that the microstructure is in fact not 
bainite, but acicular ferrite.

Currently ADI is used mainly in the automotive industry and gear manufacturing 
(Dommarco 2003). In the year 2000 it was estimated that over 50,000 tons per year of 
ADI components were installed in cars and trucks a year (Keough & Häyrynen 2000).

2.3.1 ADI in gears and jacking systems

Austempered Ductile Iron (ADI) is a ductile iron that has undergone an austempering 
heat treatment. It differs from conventional irons due to achieving its mechanical 
properties through the heat treatment process. The main prequisite for ADI is thus a 
good quality ductile iron.

The main advantages of ADI are that it can be cast and machined like any other ductile 
iron. The heat treatment process then gives mechanical properties that are superior to 
most cast irons and some steel grades. Its low modulus of elasticity compared to steel 
gives it an increased load carrying capacity. ADI also absorbs more vibrations than steel 
due to the graphite interfaces in the matrix. The graphite enhances good castability and 
gives it a moderate corrosion resistance and sliding characteristics (Vesanen c. 1980).

The mechanical properties of ADI are determined by the metal matrix. ADI matrix 
consists of an acicular ferrite matrix and a carbon-stabilized austenite. This matrix is 
called ausferritic.
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The rules set by the classification societies expect steel to be used in the load carrying 
parts. The GM currently has a product line of planetary gears where planetary carriers, 
annulus rings and other parts are made of ADI.

2.3.2 Microstructure

The main microstructure of ADI is ausferrite. Ausferrite is a mixture of acicular ferrite 
and stable high-carbon austenite. The austenite in ADI can have two forms. A coarser 
austenite exists between non-parallel acicular structures. This austenite can be found in 
the area that solidified last after casting. The other structure consists of thin films of 
austenite between the individual ferrite platelets. This austenite is found in the acicular 
structure. This makes the structure both more ductile and tougher than common ductile 
irons (Liu 2006).

The mechanical properties are controlled by the retained austenite in the matrix. 
Typically ADI has 20- 40% retained austenite content. The GM's standards require an 
retained austenite content of about 30 %. It is typically understood that a high volume 
fraction of retained austenite is the key to good mechanical properties of ADI. The 
austempering parameters are critical in achieving an optimum balance between the 
ferrite and retained austenite High retained austenite content has been found to increase 
elongation to fracture and impact toughness (Takahashi et al. 1996).

AUSTEMPERING TEMPERATURE. °F 
450 500 550 600 650 700

_ 900 C (1650 F) AUSTENITIZING

- 200

AUSTEMPERING TEMPERATURE, °C

Uz
LU
trh-Cn

(Z)

Figure 7: Correlation between austempering temperature, tensile strength and 
elongation to fracture (Ductile Iron Society 1998).
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Silicon in ductile iron leads to a significant volume fraction of retained austenite to be 
retained (Aranzabal et al. 1997). The silicon inhibits the precipitation of carbides 
associated with the bainitic transformation. The austenite is enriched by the carbon 
rejected from the growing bainitic ferrite units. After the bainitic transformation is 
finished, the austenite has carbon content high enough to be stable at room temperature 
after quenching.

Changes in heat treatment conditions, such as time and temperature, result in different 
distributions of austenite and ferrite and have a marked effect on the mechanical 
properties (Aranzabal et al. 1997). High temperatures cause formation of low acicular 
ferrite volume fractions and this leads to large pools of austenite in the microstructure. 
At lower temperatures the diffusion of carbon is difficult and the driving force for the 
transformation is higher. This results in a finer microstructure, with a higher volume 
fraction of acicular ferrite.

A change in the temperature of the isothermal process does not only produce variation 
in the austenite volume fraction, but also it will change the carbon content in the 
austenite. The change in composition or austenitization temperature will modify the 
initial carbon content of the original austenite and its grain size (Aranzabal et al. 1997). 
This has an effect on the microstructure and mechanical properties.

Figure 8 shows the typical microstructure of ADI. Graphite nodules are seen as the grey 
round-shaped areas. The rest of the matrix consists of acicular ferrite (dark areas) and 
austenite (light areas).

Figure 8: Typical microstructure of ADI

Austenite

Ferrite

Graphite
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ADI has a strong work-hardening effect. Retained austenite in the matrix is 
thermodynamically unstable at room temperature. When subjected to cold working the 
metastable austenite on the surface transforms into deformed martensite through 
Transformation Induced Plasticity (TRIP) (Myzska 2007, Keough & Häyrynen 2000). 
The martensite formed in the TRIP process can be of two different types: a plate 
martensite, which forms at room temperature and a lath martensite. The plate martensite 
is formed from an austenite with a quasi-coherent epsilon carbide precipitation. The lath 
martensite is nucleated at twin boundaries and twin intersections (Aranzabal et al. 
1997). The specific volume of martensite is approximately 4% higher than that of 
austenite. This creates a compressive stress on the surface being worked and increases 
the wear resistance and fatigue strength.

ADI, like other castings, is isotropic, which means that its mechanical properties are the 
same regardless of the orientation of the loads applied to it (Cahala 2000). This allows 
designers more freedom in the design.

2.3.3 Process for creating ADI

ADI is an alloyed nodular iron. Its microstructure is transformed into aus ferritic during
an isothermal heat treatment.

Austempering is the heat treatment that produces the ADI's ausferritic microstructure.
The austempering process consists of the following stages shown in Figure 9.

A-В Heating the casting to the austenizing temperature, which is typically approx. 
900°C (Magalhaes and Seabra 1998)

В-C Holding the part at the austenizing temperature to allow enough time for the 
entire part to be at the same temperature and to saturate the austenite with 
carbon.

C-D Quenching the part rapidly. The cooling is to be rapid enough to avoid pearlite 
from forming. This temperature is above the martensite start temperature Ms.

D-E Austempering the part at a desired isothermal temperature, usually 300-400 °C 
(Kurkinen et al. 1990). The time at this temperature must be sufficient to 
produce the ausferritic structure.

E-F Air cooling the part to room temperature.
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Figure 9: TTT-diagram of the austempering process (Häyrynen 2002)

The most important factors affecting the mechanical properties of the austempered part 
are:
1) The austenizing time and temperature,
2) sufficiently rapid cooling rate,
3) austempering time and temperature.

Austenizing

Carbon content has an effect on the structure and properties of an austempered casting. 
The carbon content is controlled by the austenizing temperature. High austenizing 
temperature increases the carbon content which leads to increased hardenability. 
Increased carbon content in the matrix makes the transformation during austempering 
more problematic due to high carbon austenite requiring a longer transformation time in 
ausferrite. If the carbon content is not sufficiently controlled it can lead to reduced 
mechanical properties after austempering (Ductile Iron Society 1998).

The austenizing time shall be kept as short as possible. Once the entire part is heated to 
the desired temperature and the austenite is saturated with the equilibrium level of 
carbon (1.1 % - 1.3 %) the part shall be quenched. The austenizing time is affected by 
the casting section size and type, chemical composition and nodule count.

Quenching and isothermal process

For the desired outcome, the cooling rate during austempering must be sufficient to 
avoid the formation ofpearlite during quenching. The critical characteristics are:

1) Transfer time from austenizing to austempering,
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2) the severity of the quenching bath,

3) the section size and type of casting being quenched,

4) the hardenability of the casting,

5) the mass of the load compared to the quench bath.

The temperature of the isothermal part of the austempering process determines most of 
the mechanical properties of the ADI casting. Generally, ADI parts with lower strength 
and hardness but higher elongation and fracture toughness are austempered at higher 
temperatures of approx. 350-400 °C (Kurkinen et al. 1990). This produces a coarser 
ausferrite matrix with a higher amount of carbon-stabilized austenite. The grades used at 
the GM, i.e. JS/900-8 and JS/1050-6, are typical of this temperature range and 
mechanical properties. Austempering temperatures below 350 °C produce higher 
strength and greater wear resistance at the expense of lower fracture toughness. The 
maximum strength level for ADI is achieved at austempering temperatures of 
approximately 250 -275 °C. Below this range the hardness may increase but it will 
result in unacceptable loss in strength due to the presence of martensite in the ausferrite 
matrix. Below 250 °C the material starts to behave like quenched and tempered ductile 
iron.

Austempering time must be chosen so that the formation of stable ausferrite is 
optimized. Short austempering times do not allow sufficient time for the diffusion of 
carbon to the austenite. This leads to the austenite not stabilizing and may result in 
martensite forming during cooling to room temperature. The end micro structure will be 
harder but have lower ductility and fracture toughness. Excessively long austempering 
times may result in decomposition of the ausferrite into ferrite and carbide. This 
structure will have a lower strength, ductility and fracture toughness.

2.3.4 Effects of alloying

General

Copper, nickel and molybdenum are primarily added to ADI to improve the 
hardenability of the matrix. This prevents the formation of pearlite during the 
austempering process. These elements have little effect on the mechanical properties of 
a properly austempered ADI. Only the minimum amount of alloying required for a 
desired hardenability shall be used. Excessive alloying increases cost and makes it 
difficult to produce good quality ductile iron. The amount of alloying is dependent on 
the base composition, casting section size and type as well as the characteristics of the 
heat treatment process.
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Carbon

Carbon content of 3...4% increases the tensile strength but has little effect on 
elongation and hardness. Carbon is usually controlled to the range 3.6-3.8 % except in 
cases where deviations are required (Ductile Iron Society 1998). Too high carbon 
content can cause carbon floatation, which has a detrimental effect on the strength level 
of ADI (ASTM 897).

Silicon

Silicon is one of the critical alloying elements in ADI. Silicon promotes graphite 
formation and decreases the solubility of carbon in austenite. It also increases the 
eutectoid temperature and inhibits the formation of bainitic carbides (Keough 1998, 
Kurkinen et al. 1990). Increasing the Si content increases the impact toughness of ADI 
and lowers the transition temperature. Silicon is usually controlled between 2.4-2.8 % 
(Ductile Iron Society 1998).

Manganese

Manganese has beneficial and harmful effects on ADI. Manganese has a strong effect 
on the hardenability of ADI. Manganese also slows the austempering reaction. In cases 
with either castings of low nodule counts or large section sizes (circa 19 mm) the 
presence of manganese can produce shrinkage and unstable austenite (Ductile Iron 
Society 1998). These defects and inhomogeneities decrease machinability and are 
detrimental to mechanical properties. Mechanical properties and sensitivity to section 
size and nodule count can be kept acceptable by limiting manganese to less than 0.3% 
(ASTM 897)

Copper

Up to 0.8% copper increases the hardenability of ADI. It has little effect on tensile 
properties. Copper increases ductility at austempering temperatures below 350 °C.

Nickel

Nickel can be used up to 2 % to increase hardenability. At austempering temperatures 
below 350 °C nickel increases ductility and fracture toughness.

Molybdenum

Molybdenum is the strongest hardenability agent in ADI. It is sometimes necessary for 
heavy section castings as a way to prevent pear lite from forming. Molybdenum shall not
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be used more than is necessary to achieve the required hardenability, as it may have an 
effect on the mechanical properties (ASTM 897). The deterioration in mechanical 
properties is probably due to segregation of molybdenum to the cell boundaries and the 
formation of carbides. The level of molybdenum shall be limited to a maximum of 0.3% 
in heavy sections.

Table 1: Typical amounts of elements in ADI (ISO 17804)

Element Typical amount in % Typical tolerance in %

Cu 3.6 ±0.2
Si 2.5 ±0.2
Mg %S*0.76+0.025 ± 0.005
Mn 0.35 ±0.05
Cu Max 0.80
Ni Max 0.20
Mo Max 0.30

Carbon and silicon shall be used in the amounts that are needed to obtain the desired 
carbon equivalent for the part being produced.

2.3.5 Mechanical properties

General

ADI has a set of unique properties. It combines the best properties of cast materials with 
those of steels and also brings some interesting characteristics of its own. Strength, 
impact toughness and hardness properties of ADI will be discussed in the later chapters.

ADI has markedly lower Young's modulus than steel approximately 159 GPa vs. steel's 
190-210 GPa (AGMA 2007, ASTM A36). Thus, ADI has an increased load carrying 
capacity at a given input load. The density of ADI is 7.1 kg/dm3, which is 
approximately 10% less than that of steel. This means that lighter components of similar 
strength can be made. The use of ADI has allowed much lighter girth gear rings to be 
manufactured compared to steel ones (Figure 10). This is one of the reasons why the 
automotive industry has been the quickest to find applications for ADI (Keough & 
Häyrynen 2000).
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Figure 10: Weight to yield strength ratio of common engineering materials
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Figure 11: Price to yield strength comparison between common engineering 
materials (Lefevre & Häyrynen 2001)

Table 2: Mechanical properties of ADI and steel

ADI Steel
Young's modulus [GPa] 150...170 GPa 190...210
Poisson's ratio 0.25...0.27 0.3
Density [kg/dmA3] 7.1 7.85

Work hardening and wear resistance

ADI has a very strong strain-hardening tendency. If the yield strength is exceeded and 
deformation occurs, the austenite in ADI will absorb the energy. This will cause it to
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transform into martensite by a strain-induced transformation. When eventually the hard 
surface is worn away, the new surface will undergo the same process. This gives ADI 
excellent wear resistance, which is very beneficial in gears.

ADI exhibits a very good abrasion resistance during loading. Compared to austempered 
and QT steels ADI provides equivalent levels of abrasion resistance at a lower hardness 
levels (Keough & Häyrynen 2000). Generally ADI can outwear materials of similar 
hardness level. ADI's superior wear resistance is due to the strain-induced 
transformation of unstable retained austenite on the surface into martensite. This 
transformation causes the surface hardness to increase significantly. ADI gears have 
been shown to have a high surface wear and scuffing resistance (Magalhaes and Seabra 
1998). A wear rate 50% lower than that of carburized steel was found in earlier research 
(Homung et al. 1984).

Shot peening is a way to obtain the wanted cold-working degree. Shot peening causes 
compressive stresses to form on the surface, which prolong the fatigue life of the 
component (Figure 12).

= 1300 - 2.0 »aw 
(shot peened)

(as machined)

Note: The shaded area represents a possible peak opp between 300 and 325 H8W. The 
exact curve is not defined between 250 and 325 HBW. The osp value at 325 HBW should 
be used in this range unless experience justifies higher values.200-

Hardness. HBW

Figure 12: Effect of shot peening on allowed bending stress of ADI.

Machinability

For ADI and steels of the same hardness level, the mean cutting force of ADI is lower. 
However, the cutting forces for ADI contain higher dynamic force factors than steels of 
comparable hardness level and pearlitic ductile irons. The chip form and resulting 
surface quality from machining of ADI are similar to that of other ductile irons (Zanardi 
2005).The graphite in ADI produces a short, broken chip when machined. This is an 
advantage compared to steel.
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Increase in the hardness of ADI increases the tool wear and cutting speeds must be 
reduced accordingly. The machinability can be improved with increased graphite nodule 
count. This minimizes micro-segregation, which is beneficial for machining (Zanardi 
2005).

Damping ability

ADI absorbs vibrations in components approximately 40% faster than similar steel 
components (Vesanen c. 1980). This is beneficial in gears, where vibration of 
components is generally an unwanted feature. This damping ability also lowers the 
noise level of gears 1...5 dB. Contrary to most materials, ADI's damping ability 
increases with tensile strength (AGMA 2007).

Fracture toughness

ADI has a good fracture toughness considering its strength. The toughness of ADI is 
greater than that of conventional ductile iron and is competitive with cast and forged 
steels. The toughness is strongly dependent on microstructure, i.e. the grade of ADI.

The more ductile grades of ADI, JS/900-8 and JS/1050-6, do not behave in a linear 
elastic manner in conventional fracture toughness tests such as Charpy impact tests. In 
case a more accurate comparison to steel is made, the toughness shall be determined by 
more modem fracture mechanical techniques, such as the J-integral crack opening 
displacement test. ADI is a cast material, and thus the usual low-temperature Charpy 
impact testing is considered (Martinez et al. 1998) to give results that are not 
comparable to steels of similar strength. Some studies advocate the use of elastic-plastic 
fracture mechanics instead of linear-elastic fracture mechanics.

Fatigue

Austempering improves the fatigue properties of ductile iron. The amount of retained 
austenite, the carbon content of the austenite and the coarseness of the austenite 
structure have an influence on the fatigue limit (Alaalam 2008).
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Figure 13. Wohler curves for JS/900-8, JS/1050-6 and JS/1200-4 (Zanardi 2005)

2.3.6 Low-temperature properties of ADI

ADI has 20-40% austenite and the retained austenite in ADI has a high carbon content 
of about 1.6 %. Due to this the Ms-temperature of the retained austenite is below -80 °C. 
It has been shown that at -40 °C ADI can retain at least 70% of its room temperature 
impact toughness (Jokipii 1984). This means that ADI is well suited for low- 
temperature applications and even cryogenic conditions (Myzska 2007). The stable 
austenite and fine grain sizes are considered to be the main factors for the good low- 
temperature properties (Liu 2006).

ASTM 897 gives an unnotched Charpy specimen as a way to measure the impact 
toughness of ADI. This unnotched Charpy impact test is used in this thesis to study the 
low-temperature impact values of the ADI grades JS/900-8 and JS/1050-6.

Charpy impact values at low temperatures

The Charpy impact test measures the energy needed to break a test bar. The test is 
normally used to determine the toughness of steels. The test is not very well suited for 
cast materials due to plastic deformation prior to breaking. Despite its limitations it is 
used commonly due to the simplicity and standardization of the method. According to 
ASTM 897-06M an unnotched bar is to be used in order to account for the cast iron 
structure.
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Fracture toughness at low temperatures

Fracture toughness tests give information on the behavior of the material in situations 
where stresses propagate a crack. In fracture toughness tests a K!c value, called the 
critical stress-intensity factor, is determined for the material.

In earlier literature (Julin 1987) ADI was compared with QT steel, type C60, and it was 
found that the toughness of the steel was more temperature dependent than that of the 
ADI. At -40 °C the critical stress intensity factors were 80 MPaVm for ADI compared 
with 55 MPaVm for the steel. This conclusion was also found by comparing 4140 steel 
with ADI (Martinez et al. 1998). The study concluded that the comparison between ADI 
and steels shall be done based on fracture mechanics properties (e.g. Kic). Kjc level of 
approx. 70 MPaVm for ADI austempered at 330 °C and 360 °C was found in other 
studies as well (Ayman et al. 2009). The ADI in the study had similar strength and 
chemical composition as the ones used by the GM.

Tests done with unnotched Charpy specimens found that specimens made from the 
biggest standard Y-blocks exhibit a significant shift in transition temperature compared 
to smaller samples. For JS/900-8 samples made from the 13 mm block, there was no 
drop in impact energy until at -100 °C, whereas for the 75 mm Y-blocks a smooth drop 
was observed at temperatures below 0 °C (Fierro et al. 2003).

2.3.7 Standards used at gear manufacturer

The GM uses a proprietary version of ISO standard for ADI (ISO 17804) and the 
standard version of the ASTM standard (ASTM 897-06M) for its ADI parts. The Y- 
blocks used by the GM are the biggest version of the standard blocks, with the main 
wall thickness being 75 mm as shown in Figure 14 and Table 3. The material testing 
results need to follow the values of the thickest specimens in Table 4 (ISO 17804).

Figure 14: Schematic of ADI Y-block

21



Table 3: Dimensions of ADI Y-block

Dimensions Length
[mm]

U 75
V 125
X 65
Y 175
Z 200

Due to using the largest standard Y-block, JS/900-8 shall have a tensile strength of 820 
MPa, yield strength of 600 MPa and a local elongation of 4 % and the JS/1050 grade 
shall have tensile strength of 970 MPa, yield strength of 700 MPa, and an local 
elongation of 3 %. Hardness values for JS/900-8 and JS/1050-8 are to be between 
280...310 HB and 320...380 HB, respectively. The retained austenite content shall be 
approx. 30% and nodule count per 1 mm2 shall be 100 pcs.

Table 4: Material requirements for ADI (ISO 17804)

Material designation Mechanical properties measured at test pieces which were cast 
separately and mechanically fabricated and shaped

Short designation 
according to
ISO 17084

Nominal wall
thickness

t
[mm]

Tensile
strength

Rm

[MPa]
min.

0.2%-
proof
stress
Rp0.2

[MPa]
min.

Local
elongation

A
[%]
min.

Hardness 
[BHN 30]

Charpy
impact
value

[J]

(ASTM
897-06M)

t<30 900 8
JS/900-8 30 < t < 60 850 600 5 280-310 100

60 <t< 100 820 4
t<30 1050 6

JS/1050-6 30 < t < 60 1000 700 4 320-380 80
60<t<100 970 3
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3 Classification of gears for offshore applications

The jacking system of one rig will normally consist of 36, 54 or 72 gear units. The gear 
units will be identical, so there is no point in certifying the design of individual gears 
and their testing processes. It is the best approach to apply for a type approval instead of 
certifying each gear individually. In effect a type approval means that the design as well 
as the manufacturing and inspection process of a specific gear type is accepted by a 
classification society.

3.1 Type approval process for offshore gears according to ABS

Every classification society has their own type approval process, which consists of 
evaluation of the manufacturing and quality assurance systems of the gear manufacturer.

The ABS type approval program is made up of two main components: a design 
assessment and a manufacturing assessment (ABS 2012a).

3.1.1 The design assessment

The design assessment consists of:

Design evaluation

The manufacturer submits plans for review. These plans shall show details of 
construction, and documentation of product specifications, performance data, standard 
of compliance, engineering analyses and other relevant design data of the product. The 
design assessment is intended to fulfill the requirements of the first phase of the Type 
Approval Program. It is the first step in determining that if all other ABS rule 
requirements are followed, the product is manufactured and tested satisfactorily, it may 
be used onboard a vessel, mobile offshore drilling unit or facility.

Survey and/or testing of prototype or production units

The manufacturer shall perform non-destructive, destructive, environmental and other 
tests as specified by the rules. The tests are to be done either in a recognized third party 
inspection facility or in the manufacturer’s facility if it is ISO 9001 certified and has 
obtained the required quality assurance certificate. Since the GM has an ISO 9001 
certificate and suitable testing facilities, it can perform the testing in-house.

The first prototype shall be test run, all gears and pinions shall be magnetic particle 
inspected before and after the prototype test run. The test needs to be carried out for at
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least one complete revolution of the output pinion. The test run needs to be done in the 
presence of an ABS surveyor.

Design assessment certificate

Products that have been evaluated and found to be in accordance with applicable rules, 
standards or specifications will be issued a Design Assessment Certificate. This makes 
the designs eligible for official listing as “Design Approved Product”. At the moment 
the company has a Design Assessment Certificate from ABS, for certain gear units.

Quality Control

Typical quality inspection plans need to be provided for evaluation by ABS. Quality 
plans are to reflect the specific surveys and tests etc. wherever required by the rules. 
The manufacturer is to present a sample or a specimen of the product which is 
representative of the type to be approved for the surveyor. This is for the purpose of 
verifying that the type has been manufactured in accordance with the design documents.

3.1.2 The manufacturing assessment

The manufacturing assessment consists of:

Management assessment

This assessment evaluates the quality assurance and quality control system of the 
company. It is done to verify that the company actually has the capability to produce 
consistent quality products and that they satisfy the requirements of, for example, the 
materials testing capabilities.

The ABS management assessment program recognizes three different categories, which 
are Acceptable Quality System (AQS), Recognized Quality Standard (RQS) and 
Product Quality Assurance (PQA).

In case the manufacturer wishes to conduct the rule-required surveys and tests 
independently, i.e. without the presence of an ABS surveyor, it is possible to get a 
Product Quality Assurance Certificate (PQA). The manufacturer must meet the 
requirements of the RQS and in addition have a quality assurance system that provides 
at least the same efficiency as having a surveyor present.

The gear manufacturer’s quality assurance has the recognized quality standard in the 
form of ISO 9001, which has been certified by DNV, which qualifies as RQS. The GM 
also has materials testing capability, so even PQA can be applied for (ABS 2012a).
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In this case the scope of the manufacturing assessment will be expanded so that it 
includes at least initial, semi-annual, annual and renewal audits of the quality system.

The issuance requires the recommendation of the attending surveyor, surveyor in charge 
and approval from the manager of the type approval program. ABS retains the right to 
expand the scope of the surveillance and the right to conduct unscheduled surveys.

This is what the GM is aiming for. It allows for independent manufacturing of the gears 
with periodical oversight from the classification society. When AQS or RQS standards 
are exercised, ABS requires that the testing is witnessed by a surveyor. When a PQA is 
granted the witnessing may be waived at the discretion of the Surveyor in Charge. (ABS 
2012a)

Production assessment

This assessment evaluates the specific manufacturing process of the product to be type 
approved. The purpose is to asses and verify that the manufacturing and inspection 
capabilities of the company are sufficient for the level of quality control the rules 
require.

A completed manufacturing assessment will prove that the GM:
i) has undergone a satisfactory product design evaluation, and
ii) comply with a quality assurance standard, and
iii) has a manufacturing quality control that meets the required standards.

Those products with both a valid Design Assessment Certificate and a valid 
Manufacturing Assessment Certificate can apply for a Confirmation of Type Approval. 
A completed СТА will prove that the GM has the needed capabilities to manufacture 
and test their gears and in effect stamp their own products as ABS approved.

When a Type Approved Product is proposed for use onboard a vessel or a marine 
structure, in some cases it needs in addition to the normal requirements also a Unit 
Certification as follows:

Products covered by Product Quality Assurance (PQA)

Products that need a further unit-certification for use on an ABS-classed vessel, mobile 
offshore drilling unit (MODU), or facility will be certified by the ABS office having 
jurisdiction over the manufacturer. The ABS office must be kept aware of all deliveries 
of such products with the relevant documentation required for a unit-certification.

A flow chart of the type approval process is shown in Figure 15 and Figure 16.
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Type Approval Program
1-1-4/7.7

Design Assessment Phase
1-1-A3/5.1

Evaluation Design Evaluation
1-1-A3/51.1

(As required)

Prototype 
Exam. / Test
1-1-A3/51.2

Certificate

DA. 1-1-A3/5.1 3
Design Assessment Certificate

(Issued by the Design Assessing 
Engineering Office)

Yes Manufacturing 
Assessment Phase

(See next Figure)

Public
Information on Design particulars of the
ABS Website product are listed

(Downloadable) (No Type Approval)

Figure 15: ABS type approval process (part 1) (ABS 2012a)
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Manufacturing Assessment Phase
1-1-A3/5.3& 1-1-A3/5.5

DA Certificate has been issued and Type 
Approval Certification is requested

(Continued from DA Phase 1-1-A3/51)

1
ISO 9000 or 
Equivalent 
certified?

Yes (See Note 2)

Certificate
Product Quality 

Assurance Certificate
(Issued ty Manager of 

ABS Programs)

Audit of manufacturer’s 
facilities, QA and QC 
systems by Surveyor to verify 
that an Acceptable Quality 
System (AQS) ts m operation 
and that the product specific 
quality control is acceptable

AQS, 1-1-A3/5 31 (a)

Audit of manufacturer's 
facilities, QA and QC systems 
by Surveyor to the same degree 
as AQS with consideration for 
certification to Recognized 
Quality Standard (RQS) at least 
equivalent to ISO 9000

RQS, 1-1-A3/5 3 1 (b)

Audit of manufacturer’s facilities, 
QA and QC systems by Surveyor 
to a degree at least as 
comprehensive as for RQS with 
additional verification of capability 
to carry out tests and surveys as 
required by the Rules

PQA, 1-1-A3/5 5

Manufacturing Assessment Certificate
(Issued by the Surveyor)

MA. 1-1-A3/5 3 3

Confirmation of Type Approval 
(See Note 1]

Note 1 : If the Surveyor's witness is required by the Rules, the Surveyor is responsible to witness the 
manufacture of product and issue the unit certification 

Note 2: The manufacturer will be responsible to advise the ABS office of deliveries of products and to 
supply the ABS office with all documentation required for certification of the product

Certificate of Type 
Approval

[See Note 2]

Public 
Information 

on ABS Website 
(Dow nloadable)

Figure 16: ABS type approval process (part 2) (ABS 2012a)

3.1.3 Issuance and updating

Renewal

The Design Assessment, Manufacturing Assessment and PQA are valid for five years. 
After that period the certificates can be renewed for another five-year period. If the 
renewal is failed the manufacturing assessment and, thus, also the type approval will be 
invalidated at the end of the five-year period. There is a 90 day grace-period in case 
there is a practical reason, why the renewal cannot be completed within the original 
five-year period. In this case the new certificate will be valid from the expiration date of
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the original if the validation is completed in the 90-day period.

Renewal of the certificate after the two five-year periods will be conducted as follow:
i) re-evaluation of the product design and verification if the design or ABS rules have 
changed after original certification,
ii) re-audit of the quality plan,
iii) verification that the quality assurance system has been maintained as required.

Changes to design, procedures and regidations other than ABS Rules

In case the design, procedures or relevant standards other than ABS Rules, the 
manufacturer must endeavor to notify ABS of these changes with an application to 
either 1) incorporate the changes into the type approval or 2) re-assessment of the 
product, procedures and/or regulations. Failure to notify may invalidate the type 
approval.

3.2 Summary of classification process

Due to the large number of gear units built per individual design in jack-up and winch 
applications, a type approval program is the most efficient way to go forward. A type 
approval program consists of the classification society auditing the quality system and 
approving the design and calculations of a specific gear unit model. After this the 
manufacturing and testing capabilities of the GM are audited. Following a successful 
audit, the GM can produce the gear units and test them according to the approved 
process. Gear units manufactured this way will get a class certificate from the society. 
Having a type approval eliminates the logistical problems of having all the testing for 
the gears being witnessed by a society surveyor.

Even though many rules and requirements are listed by the society, they are generally 
considered on a case-by-case basis. The rules set by the societies are typically the 
maximum requirements. If the GM can show that it has proper process control of its 
production and testing capabilities it is possible that lower requirements than presented 
here will suffice. From a production point of view it is better to offer the societies that 
the GM will perform just a part of the testing described here. In case this lower level of 
testing is acceptable to the society, it will result in a considerably easier and cost 
effective way of testing the gear units. The requirements listed in this thesis however 
show what may be required and what capabilities the GM has of performing them at the 
moment of writing.

Classification is a business and the societies do it for the money. It is thus in their 
interest to get as many manufacturing facilities under their classification as possible, as 
long as the manufacturers conform to a level of minimum requirements.
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4 Materials and parts testing

4.1 Quality plan for special gears

Currently there is no standard process for determining which department is responsible 
for collecting and making sure all the testing is done correctly. There can be 
communication problems between various departments and it is unclear who gives the 
signals that start the testing process.

An issue is also that often the sales department does not recognize that some customer 
requirements need special testing, which comes at a cost in time and labor at the 
manufacturing plant.

It is, thus, a part of this project to make a process for how the information is directed 
from the starting place (sales/sales support) to the quality department, production 
planning and in the end to the workshop floor.

When a gear with special design or testing needs is ordered, the GM is to make sure 
everything goes as planned. The project of building the special gear must have a project 
manager. This person comes from the sales support department. The project manager is 
responsible for the entire project and makes sure that all departments perform the 
needed tasks.

The quality manual dictates that sales support acquires the technical specification.

1) Sales support then analyses the specification and informs the design department 
of the special design features and required testing.

2) The designer then incorporates these features into the design and makes a quality 
plan for the testing of the gear unit. This document is called the quality plan. At 
the moment it is document QF31 at the GM.

3) Designer, production, and quality assurance together go through the plan. The 
required testing specifications are incorporated into the production plans and 
manufacturing instructions. These instructions include the signals for the 
production department to inform quality department.

4) Production will inform QA, when testing and inspection can be done to pieces. 
The pieces cannot move further down the production line until testing is 
completed and QA decides it is satisfied with the results.
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5) QA will compile all the necessary documents with the assistance of sales 
support. The documents will be given to sales support, which sends them to the 
customer.

This process is described in Figure 17. Larger version is in Annex 1.

Delte very of

the design and makes 
quality plan for testing

Production

Production
Planning

Customer

Shipping

design and testing

Production of parts, 
notification to QD when —

include what parts are

Testing of parts, 
notification when part 
is 0< ana can move to ^ 
next stage of

Figure 17: Information and production flow chart for special gears

4.2 Material requirements

The classification documents by ABS set very thorough and standardized requirements 
for most common materials used in gear manufacturing. ADI is not among these 
materials. Thus, it is necessary to prove that ADI has sufficient mechanical properties 
for use as material for classified gears.

The materials to be used in the jacking system are to be submitted to ABS approval. 
These specifications will include as a minimum:

chemical composition, yield strength, ultimate tensile strength, percent elongation and 
reduction of area, hardness for gears and coupling teeth. Where required, also impact 
test values are to be submitted.

According to the ABS standard, load bearing and torque transmitting components in the 
direct load path shall be made of steel or other acceptable material. The elongation shall 
be at least 12%, according to the standard. The ADI-grades 900 and 1050 intended to be 
used by the gear manufacturer have elongations of 9% and 7%, respectively. This may 
not be a problem as the standard does allow for non-standard materials to be specially 
considered, if they can be proven to be sufficient for the task (ABS 2012b).
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In case the torque transmitting parts were made of steel, the requirements of Table 5 
shall be followed. This applies to the inner parts in the GM's gears, which are made of 
18CrNiMo7-6. In the case of ADI, the standard allows for:

“Materials other than steel are to exhibit fracture toughness that is satisfactory for the 
intended use. This can be proven by previous satisfactory service experience or 
appropriate toughness tests.” (ABS 2012b)

This means that perhaps the planetary carrier and other ADI parts do not need to strictly 
follow Table 5. The ASTM 897-06 standard requires ADI to be tested with an 
unnotched Charpy impact test, which means that the results cannot be compared straight 
with those required for steels. Nonetheless, both tested ADI grades have much higher 
impact values, even at -40 °C, than those required in Table 6. All the tests in Table 5 
need to be witnessed by an ABS Surveyor (ABS 2012b).

Table 5: ABS requirements for impact toughness of torque transmitting steel parts
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Other suitable benchmarks were found in the classification requirements of ABS, DNV 
and Germanischer Lloyd. All classification societies have the same requirements for 
mechanical properties of ductile irons. The requirements are listed in Table 6.

Table 6: Cast material requirements (ABS 2012b)

Minimum
tensile

strength
[MPa]

Yield strength 
[MPa] A [%] Hardness

[HB10]
KV [J] Structure

370 230 17 120-180 Not required Ferrite
400 250 15 140-200 Not required Ferrite
450 310 10 160-210 Not required Ferrite
500 320 7 170-240 Not required Ferrite/Pearlite
600 370 3 190-270 Not required Ferrite/Pearlite
700 420 2 230-300 Not required Pearl ite
800 480 2 250-350 Not required Pearl ite/Sorbite

Even the less tough ADI-grade, JS/900-8 is stronger than the requirements set by DNV 
or GL.
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Low-temp emture applications

As planetary gears and gear rings fall into the other category (ABS 2012b), it means that 
for specified service temperatures above -20 °C they need not be tested. Testing values 
for colder service temperatures are considered case by case. ADI's low-temperature 
properties can make a good case for their use in these conditions.

In case the specified service temperature is below -20 °C, the testing is subject to 
special consideration. The category “other” contains planetary gears and planetary ring 
gears (ABS 2012b), which the GM wishes to make out of ADI.

Gears of the climbing pinion gear train are to be examined and approved by a standard 
crack detection procedure and witnessed by a surveyor. This method may be magnetic 
particle, dye penetrant or ultrasonic inspection. The GM has capability to do all of these.

4.3 Nodular and grey iron cast housings

ABS rules say that ductile and grey iron castings that are required to be certified shall be 
manufactured at ABS approved foundries (ABS 2012b), but at the same time castings 
which comply with national or proprietary standards may be accepted. Currently none 
of the foundries used by the GM are ABS approved.

Sufficient test material for testing and possible re-testing is to be provided with each 
casting or batch of castings. The samples provided for nodular castings are to be 
according to ABS standard (ABS 201 lb). Test samples can be U-type, double U-type or 
Y-type. Y-type samples (Figure 18) have a similarity to the Y-blocks provided with 
ADI castings. Thus, from the cutting and machining point of view it can be easier to use 
this type of sample.

Figure 18: Casting Y-block

32



Table 7: Dimensions of casting Y-block

Dimensions - mm (in.) Standard Sample

u 25 (1-0)
V 55 (2.2)
X 40 (1.6)
у 140 (5.5)
Z

Min. thickness of mold 
surrounding test sample

40 (1.6)

One tensile specimen is to be made from each test sample and machined to the 
dimensions in Figure 19.

Я = 25 t

Figure 19: Tensile test specimen for ductile irons

Grey iron castings are to be provided with 30 mm round bars separately cast. The 
specimen is used for tensile testing. For grey irons it is only required that the tensile 
strength is not less than 200 MPa.

Castings are to be visually checked for surface flaws and dimensional irregularities. 
Generally, NDT-testing of castings is not required unless otherwise stated in the order.

Traceability is to be maintained. The GM is to have a system that allows all finished 
castings to be traced back to the original ladle of metal. In effect this means that the GM 
has to archive all the documents for classed gears in case they are needed later.

4.4 Cast housings

The foundry is to provide a ladle analysis report of the chemical composition of the 
batch. This document and a sufficient number of Y-blocks are supplied to the GM. The 
GM tests the hardness of all the incoming cast parts from several points. Testing that 
will fulfill Brine 11 testing standards, shall be done with a portable Brinell system, 
currently used by the GM. In the future incoming inspection for cast housings can be 
done with a rebound hardness tester. The tester is mobile, easy to use and conforms to 
testing standards DIN 50156 and ASTM A956.
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Tensile tests are also made by the GM. For nodular housings the requirements of Table 
8 apply. Grey iron castings must have a tensile strength above 200 MPa.

Table 8: Inspection process for cast housings (nodular and grey iron)

Test
description Nominal Inspection

device
Test

frequency
Responsibility 

for testing
Document to be 

produced
Chemical 

composition 
for in-coming 

housings

DIN EN 
10025

Ladle
analysis

One per 
batch Foundry Material certificate

Hardness test on 
product

Hardness
values
from
QF 63

King Brinell 
system 100% Quality

department
QF63

Tensile test

Grey 
iron: min 
200 MPa 
Ductile 
iron: min 
450 MPa

Tensile
tester

One Y- 
block per 
batch

Quality
department QF63

4.5 Welded housings
ABS gives very specific rules about steels to be used in machinery. Due to the 
machinery being classified under the same chapter as pressure vessels, the rules expect 
all steels to be pressure vessel steels. There is no point in making welded housings out 
of pressure vessel steel. According to the standard, the steel specification shall be 
submitted for approval and standard materials are preferred. Basically, any steel can be 
used as long as it is fit to be used for housings. The long service history of GM welded 
housings shall be sufficient proof as well as the use of a standardized material S355JR.

A material certificate containing the chemical composition and mechanical properties of 
the steel used shall be supplied. In addition, the stress-annealing diagram shall be 
provided. To prove that the welds are done accordingly, it is prudent to require the 
supplier to conduct oil-leakage tests on all products.

ABS requires the welders to have sufficient skills. No specific certificate is mentioned 
in the standards. The capabilities of the welders will be assessed by ABS. They may 
require welders to show sufficient skills, by performing welding tests outlined in ABS 
rules for materials and welding (ABS 2011, p. 269).

Welding must be done according to appropriate standards. In cases where thin and thick 
plates are welded together, proper pre-heating procedures must be followed. The 
housing supplier delivers a material certificate, which includes chemical composition, 
mechanical properties, and leakage test information. Also on request, the heat treatment 
graphs shall be obtained.
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The most critical inspection for welded housings is NDT inspection of the weld seams. 
This has to be done at the GM and documented properly.

Table 9: Required testing for welded housings.

Test
description Nominal Inspection

device
Test

frequency
Document
produced

Responsibility 
for testing

Chemical 
composition for 
in-coming 
housings

DIN EN 
10025 Ladle analysis One per 

batch Material Housing
supplierTensile strength, 

Yield strength, 
Hardness

DIN EN 
10025

Tensile, 
hardness 

and impact 
tester

One per 
batch

certificate

Crack detection

DIN EN 
10228- 

1:1999-07 MPI or Dye 100%

Magnetic
particle Quality

of welds or DIN EN penetrant inspection department
10228-

3:1998-07
report

4.6 Carburized gear wheels and pinions

ABS expects products to come from ABS approved steel producers. For a producer to 
be certified by ABS it needs to have in place a quality assurance program like ISO 9001 
and be capable of performing required materials testing. None of the current steel mills 
the GM uses are ABS certified and only one forging facility has a certification from 
ABS, the Beiman Special Steel Co. Ltd. Heilongjiang. Even this certification is not a 
full ABS certificate, but instead a lower grade. These requirements are principally 
meant for propulsion units and auxiliary turbines, so there is possibility of negotiating 
what level of testing they are willing to accept as a “proprietary standard”. Best-case 
scenario would be that the mechanical and chemical testing done by the foundries and 
suppliers is enough for the mechanical testing. NDT testing and dimensional measuring 
can be done at the GM's plant.

The ABS rules do allow for steels and forgings to come from non-approved plants in 
cases where it is especially agreed with the GM. In these cases, however, the GM has a 
responsibility to show that the steel is fit to serve.

Testing that will satisfy ABS (and any classification society) will be to perform tensile 
test, hardness test, impact test and chemical analysis with a spectrometer for all 
incoming steel to be used in making of the classed gears. Currently the GM can perform 
spectrometry, tensile testing and hardness testing on its own. Charpy impact test 
capability shall be acquired or a 3rd party laboratory shall do the testing.
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Spectrometry can be done, but it is not very convenient with the current equipment. The 
GM only has laboratory spectrometers, which require a piece sawed off the steel bar or 
forging, cut into smaller pieces and then tested. One solution is to acquire a portable 
spectrometer. Portable spectrometers allow the steel bars to be tested in the incoming 
inspection area for chemical composition. This way it can be quickly tested if it 
conforms to the GM's and ASTM standards. Another way is to send the removed 
prolongations to a 3rd party laboratory for testing, where all the above-mentioned tests 
can be done.

The GM must have an identification system that allows all final forgings to be followed 
back to the original pour (ABS 2011b). This means that the connection between the 
batch number from the steel mill and the work number in all the pieces has to be 
maintained.

The mechanical properties of the forgings are determined with tensile specimens. The 
specimens shall be taken from prolongations. The sectional are of the prolongations 
shall be at least as large as the body of the forging. Sufficient tensile test material must 
be provided for tests at the forge and for tests after the carburizing for carburized 
forgings. Duplicate sets of material are to be taken from one position of the forging.

Charpy impact testing will need to be done only in cases where the service design 
temperature is below 0 °C. In most cases, it can be expected that the offshore rigs will 
be used in cold climates. Forgings shall also be hardness tested.

After final heat treatment, all forgings shall be examined and found free from defects. 
Alternative procedures for testing carburized forgings can be specially agreed upon.
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4.7 Forgings for quenched and tempered slow-speed shafts

All the same requirements for traceability, manufacturing and heat treatment apply to 
forgings for shafts as for forgings for gear wheels and pinions. Tensile properties and 
hardness tests shall be done for all forgings. Impact testing is required only for forgings 
where the service temperature is below 0 °C (ABS 2011c). In case the GM sells to 
clients with low service temperature, impact testing will need to be done on forgings.

All the tests on forgings shall be primarily done by the steel mill and/or forge. Currently 
material certificates are supplied by them. In case the GM wishes to do their own 
materials examination, it has to be agreed with the forge, so that the parts will have 
sufficient material for testing.

4.8 Hot-rolled steel bars for machinery

Hot-rolled steel bars < 305 mm in diameter shall be made by open hearth, basic oxygen, 
electric furnace or other approvable method. Each specific application must get special 
approval.

Four tensile tests have to be taken from each lot of material exceeding 907 kg in weight. 
When the weight is less two tensile tests are enough. Only one tensile test will be 
required for a single bar. The bars in one lot have to come from the same heat. In case 
they are heat treated, the lot is to consist of bars from the same heat and which has been 
heat treated in the same furnace charge. Internal parts are made from hot-rolled or 
forged steel bars as well as separate forgings for larger parts. Shafts are made from QT 
steels.

A comprehensive incoming inspection for steel bars is proposed, where 100% of steel 
bars are tested for chemical composition and mechanical properties at the GM.

The end of every steel bar is always cut off anyway and is not used. This part can be 
used for mechanical testing and spectrometry. Three tensile test specimens and four 
Charpy-V impact test specimens shall be made from every bar.
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Table 10: Inspection process for internal steel parts and shafts

Item Test
description Nominal Inspection

device
Test

frequency

Responsibil
ity

for testing

Document
produced

Chemical
composition
and
mechanical 
testing 
values for

Ladle analysis 
and
mechanical
testing

One/ batch Steel
supplier

Material
certificate

in-coming
steels

Incoming 
inspection 
for all steel 

bars

Chemical
composition

DIN EN 
10084 Spectrometer

100% of 
steel bars 
and
forgings

Tensile Three GM
material

certificate

strength and 
elongation

Tensile tester specimens 
/ steel bar Quality

departmentHardness King Brinell 
system

Impact
energy

300 J impact 
hammer

Four
specimens 
/ steel bar

Separate
forgings

Ultrasound 
for separate 
forgings

BS EN 
10228-3: 

1998

Ultrasonic
tester 100% Ultrasonic 

test report

Case

CH parts

hardness
profile,
surface
hardness
and core
hardness

SEW SAT 
1900Е/ 

4755570.

Mirohardness 
tester and 
Rockwell 
tester

Three 
specimens 
/ HT batch

HT-lab MHTF8

DIN EN
10228- Fluorescent

Crack
detection of 
teeth

1:1999-07 
DIN EN
10228- 
2:1998-06

magnetic 
particle 
inspection OR 
ultrasonic

100% MPI test 
report

DIN EN
10228- 
3:1998-07

inspection OR 
dye penetrant

NDT

Tooth 
accuracy 
(profile and 
lead)

DIN3962/3
963

Gear
measurement
machine

100% Quality
department

P100
inspection

report

Teeth flank 
hardness ASTM E18

Flank
hardness
tester

On request

Grind
temper
etching

ISO
14104:1995

Barkhausen
test On request

Additional
GM

NDT report
Grind
temper
etching

ISO
14104:1995 Etching test On request
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4.9 ADI parts

ADI parts do not have specified requirements. ADI is a cast iron but it is used in torque 
transmitting components. Thus, the testing shall be a combination from both the cast 
iron tests and steel torque transmitting parts.

The foundry shall supply ladle analysis and Y-blocks for testing. The GM shall perform 
tensile tests, hardness tests and spectrometry on the Y-blocks. In special cases also 
microscopy to find out the microstructure may be necessary. For applications requiring 
below 0 °C service temperatures, also Charpy impact testing is required for each batch. 
Since tensile and impact testing is required, it is required to get at least two Y-blocks 
from the supplier for each batch. The tests done on these two Y-blocks and the actual 
products are described in Table 11. These tests are done in addition to normal testing 
such as dimensional measurements.

Table 11: Inspection process for ADI planet carriers, annulus rings, segment girth 
rings and housings

Test
description

Nominal
value

according
to

Inspection
device Test frequency Document to 

be produced
Responsibility 

for testing

Chemical 
composition for 
in-coming 
housings

Ladle
analysis One per batch Foundry

Tensile test Tensile test
2 tensile tests 
per Y-block (no.
J]

OF 66

Hardness (Y- 
block) ISO 17804 

(W3161EN)

Tabletop
hardness
tester

Three
measurements 
per Y-block (no. 
1)

Hardness 
(actual product) King system 100% for 

products

Product
hardness

report
Nodule count 
and shape and 
amount of 
retained 
austenite

Material 
microscope 
+ software

1 inspection per 
Y-block (no. 1 
or 2)

Metallurgical
report

Quality
department

Unnotched 
Charpy impact 
test

ASTM 897M
300 J
Impact
hammer

4 specimens 
per Y-block (no. 
2)

Impact test 
report

Ultrasound of 
teeth (of 
segments)

ASTM A388 Ultrasonic
tester

100% of 
segment 
wheels

Teeth
ultrasound

report

3D
measurement

Technical
drawing

Zeiss 3D- 
machine

100% of 
segment 
wheels

Gear
measurement

report
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4.10 Assembly

When all the necessary parts have been tested individually, the gear unit is assembled. 
After assembly, the gear mesh needs to be checked with contact colour and 
photographed for documentation. Backlash needs to be measured. In the end a partial 
load run of every classed unit needs to be performed at the GM's plant.

Table 12: Required tests during assembly of gear unit

Test description Nominal Inspection
device

Test
frequency

Responsibility for 
testing

Document to 
be produced

Gear mesh 
checking SEW 109 Load tester 100%

AS &QD

ASAF 1

Backlash TASA-
210

Caliper, dial 
test

Indicator, 
visual check

100% DF8 (test 
running report)

Part load test 
running

MT/T101-
2000

Thermomet
er 100%

Visual Inspection 
by society

ABS 2-3- 
7 Visual 100% ABS ABS certificate

4.11 Summary of testing requirements

Material certificates and mechanical testing of castings, steels bars, steel forgings and 
ADI materials shall be made and documented. Specific NDT and dimensional 
inspections shall be made to finished internal parts of the gear units as well as a test run 
of the assembled unit.

Internal parts and ADI parts require the most testing, because they are the torque 
transmitting parts of the gear unit. Cast housings require relatively little inspections. The 
welding procedures and welder qualifications for welded housings shall be provided to 
ABS for inspection.
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5 Material laboratory and testing cell

A new laboratory and specimen testing cell will be acquired to support the quality 
process. The material testing cell will cut and machine the samples for tensile, Charpy 
and hardness testing. The new laboratory will prepare samples for light microscopy and 
mass spectrometry testing.

5.1 Material testing cell

5.1.1 Specimen cutting

Currently ADI Y-blocks are cut using a band saw, Figure 20. The smaller pieces are 
then cut to specimens using a specimen cutter. The current specimen cutters have a 300 
mm cutting wheel. Two kinds of machines have to be considered. One specimen cutter 
can cut the entire Y-block or continuing with the current way.

Figure 20: Y-block ready to be sawed with band saw

On occasion it is necessary to cut production pieces. A minimum specimen diameter is 
150 mm. This allows actual pieces and steel bars with a module of 25 to be cut. This 
size scale includes about 90 % of all cutting needs. These requirements will need a 
cutting machine with a cutting wheel of 400-500 mm and power supply of 7-11 kW.

41



5.1.2 Tensile specimen preparation

Tensile specimens are cut from Y-blocks according to Figure 21 (ASTM 897). Tensile 
specimens for steels are cut from the bars or forgings. All specimens used by the GM 
are round in shape. Thus, a lathe shall be acquired for the purpose of machining the 
tensile specimens. Currently a Chinese built CNC-controlled lathe is being used by the 
GM. The CNC-controls allow different sizes and specimen dimensions to be 
programmed into the machine. Thus, consistently sized and shaped specimens are 
produced.

Figure 21: Tensile test specimen locations in ADI Y-block

Tensile testing is one of the basic tests for finding out mechanical properties of 
materials. A test specimen is subjected to a uniaxial force. The force is applied until the 
specimen suffers a failure and is broken. The properties a tensile test measures are yield 
and ultimate tensile strength, maximum elongation and reduction in area. From these 
results it is possible to calculate Young's modulus, Poisson's ratio and strain hardening 
characteristics.

5.1.3 Portable hardness tester

There is the need to quickly test the hardness of castings that are subcontracted. This is 
done most easily with a portable hardness tester. This allows the quality assurance 
personnel to do the test on the shop floor immediately after receiving the parts. Having a 
stationary Brinell tester physically at the cell is inconvenient as the movability of the 
housings is limited. Testing shall also be low cost and easy to teach due to high turnover 
rate of workers.

Testing that requires standards to be made shall be made with a King Brinell system. It 
is a 30 kN hardness tester that conforms to the ISO standard for hardness testing (EN 
ISO 6506-1:2005).
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Figure 22: King Brinell system

A Leeb rebound testing method shall be used for quick testing of many specimens. This 
allows 100% hardness testing of castings. This kind of testing has to be done when a 
new housing supplier starts deliveries or when quality problems are suspected. 100% 
testing with a stationary method or even with the King tester is time consuming. Leeb 
rebound tester conforms to the appropriate standard and the results can be translated 
into 30 kN Brinell results (ASTM A956).

5.1.4 Charpy impact specimen preparation

A Charpy impact tester shall be acquired for impact testing of ADI and steel specimens. 
The impact tester shall be a 300J tester conforming to ASTM E23 standard. To machine 
the specimens, a plane grinding machine shall be acquired.
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Figure 23: Charpy impact hammer (MTS 2012)

5.2 Material laboratory equipment
5.2.1 Grinding and polishing station

In the beginning the laboratory will need grinding and polishing for mainly ADI parts 
and later also for case-hardened parts. Regarding machinery the two materials will not 
cause problems. On the other hand they will need different consumables, such as 
diamond pastes and abrasive wheels. During the purchase phase at least a 6 months’ 
supply of consumables will be bought.

The station shall be as automatic as possible due to a shortage of trained laboratory 
personnel in China. An automatic force applier and liquid suspension unit shall be 
acquired. The extra cost will be offset with the laboratory producing constant quality 
samples that are comparable to each other.

5.2.2 Hot mounting press
Specimens are cut into 30 mm samples. A mounting press capable of producing 2500 
samples a year will be needed. A mounting press is used to mount sample pieces into a 
plastic holder. This allows for easier and standardized handling of samples which are 
different in size and shape.
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are rounded using coarse 
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Figure 24: Mounted test specimen (University of Cambridge 2012)

5.2.3 Material microscope

A material microscope is used to observe the microstructure of the specimens. It shall 
be used in the nodule calculation of ADI materials as well as the grain size counting of 
steels at the GM.

A stereo microscope shall be acquired for purposes of checking the fracture surfaces of 
tensile and impact test specimens. It shall also be used for characterization of fracture 
surfaces in reclamation, service and other cases.

5.2.4 Ultrasonic inspection

Ultrasonic testing is a form of non-destructive testing. It is used to measure the 
thickness of materials and to inspect the internal soundness of materials. Very short 
ultrasonic pulse waves (frequency 0,5-10 MHz) are launched into materials. The pulse 
advances in the material at a certain speed and is reflected from interfaces, such as 
cracks or back walls.

Two methods for receiving the signal are commonly used: reflection and attenuation 
methods. In reflection the transducer both sends and receives the pulsed waves. The 
machine displays the results as a signal, with amplitude representing the intensity of the 
reflection. The distance can be measured by the time it took for the signal to come back. 
In attenuation mode one transmitter sends the pulse on one surface and a receiver 
detects the amount of pulse that has reached it on another surface. Flaws and other 
imperfections reduce the amount of sound that reaches the receiving end.

The main advantages are for testing gears and pinions:
• High penetrating power allows detection of flaws deep in the material
• Capability of detecting very small flaws
• High accuracy in determining the depth of the flaw
• Poses no hazard to operators, equipment or materials
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• Highly portable, this is especially important for testing of segments of girth gear 
rings.

Testing

Ultrasonic testing at the GM is done currently for incoming steels, forgings and in some 
cases for housings. The classification standards dictate that all shafts, gears and pinions 
shall be tested with an accepted crack detection procedure. Ultrasonic is one of these.

This kind of testing is done at the factory floor so a portable unit is most efficient. The 
current ultrasonic testing capability is similar to the kind that will be needed at the new 
laboratory.

5.2.5 Magnetic particle inspection

Magnetic particle inspection (MPI) will be used for detection of flaws in welded 
housings. The method is designed for detecting surface discontinuities in ferroelectric 
materials. It can also be used for subsurface flaws that are close to the surface.

The test object is magnetized either directly or indirectly. After this small magnetic 
particles in a carrier liquid are sprayed on the surface. Discontinuities cause the 
magnetic field in the part to be distorted. The magnetic particles gather around these 
distortions and, thus, show where they are.

In gear manufacturing it is important that the components are de-magnetized after the 
inspection. Otherwise parts retaining magnetism will attract impurities and other 
intrusive parts inside the gear unit.

5.2.6 Mass spectrometry

Spectrometry

Incoming materials are to be tested to see that they are within the agreed chemical 
composition and the carbon content of heat-treated steel parts is to be verified. This can 
be done relative easily with spectroscopy at the GM.

Mass spectroscopy is a technique that measures the mass-to-change ratio of charged 
particles. It determines the masses of particles in order to determine the elemental 
composition of a sample. Typical procedure includes an area of the specimen to be 
vaporized. The components are ionized and then the ions are separated according to the 
mass-to-charge ratio. The separation is done with electromagnetic fields. The ions are
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then detected, typically using a quantitative method. The signal of the ion is processed 
into mass spectra.

A mass spectrometer has three modules. An ion source, which converts the vaporized 
gas phase molecules into ions, a mass analyzer for sorting out the ions and a detector for 
measuring the quantity of each ion present in the vapor.

Stationary units

The GM currently has stationary laboratory units. They are used mainly for surface 
carbon analysis of case hardened samples. They can also be used for chemical 
composition analysis of ADI.

Portable units

Portable units may be acquired for the purpose of testing incoming steel bars. A 
portable unit will speed up the inspection process and allow 100% of steel bars and 
forgings to be tested for chemical composition upon arrival at the GM's plant.

5.2.7 Carbon and sulphur analysis

Carbon and sulphur analyzer is used in two ways at the GM. Firstly, it is used to 
measure the carbon content of cast materials. Spectrometers are not well suited for cast 
materials due to their heterogeneity. The testing spot may contain a graphite nodule 
which causes the carbon value to differ significantly from the average of the matrix. It is 
also used to analyze the carbon content of carburizing furnaces. The weight of a piece of 
aluminum is measured and put into carburizing atmosphere. The sample is then burned 
in the carbon and sulphur analyzer and the content of carbon can be measured.

5.2.8 Flank hardness tester

Final flank hardness test determines the hardness of teeth flank. It is measured after all 
heat treatments, shot peening and final grinding. Measuring is done with a portable 
HRC hardness tester. The machine is positioned as in Figure 25

Figure 25: Schematic view of flank hardness test (Struers 2009)
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The weakness of this method is that it leaves an indentation on the finished surface. This 
indentation may act as a stress concentrator and allow cracks to initiate more easily. 
This test shall be done only on specific request from the customer.

5.2.9 Grind burn inspection

Case hardening causes growth and redistribution of the stresses in the steel. These 
stresses result in geometric distortions. Often grinding has to be done after the case 
hardening to achieve the necessary accuracy. If the grinding and the heat it produces are 
not properly controlled it may lead to tempering and/or austenizing of the case-hardened 
surface. The affected area will have different mechanical properties compared to other 
parts and will be left in an unfavorable stress state (Blake et al. 2009).

There are two ways to test if this kind of grinding burn has happened. The part can be 
etched or tested with the Barkhausen background noise method. The GM has at the 
moment equipment and trained personnel to use both methods.

5.2.10 Microhardness tester

A specimen made of the same material as the gears and pinions is heat treated in the 
same batch with the actual components. A sample is then removed from the specimen. 
Vickers hardness tests are done to the piece according to the GM 's standard.

Microhardness testing is done with a Vickers hardness tester. The material is indented 
with a square-based pyramid shaped diamond with a 136 degree angle between opposite 
sides. The pyramid is pushed down with a force of 1-100 kp. The first indentation is 
made on the very outer edge of the sample. From there successive indentations are made 
in a line (Figure 26).

Diamond indentations towards the core

Diamond indentation near surface 
Figure 26: Microhardness indentations

5.3 Summary of material laboratory
A material testing cell shall be acquired to support the quality assurance process. It shall 
include the capability of cutting ADI Y-blocks. A lathe and 300 kN tensile testing 
machine are required for tensile testing. A plane grinding machine and a Charpy impact
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hammer shall be acquired for Charpy impact testing. In addition portable and stationary 
Brinell hardness testers shall be acquired.

The laboratory itself will include a light microscopy with software capable of nodule 
counting, a grinding and polishing station, a microhardness tester, a spectrometer and a 
carbon and sulphur analyzer. In addition support devices for the lab, such as ultrasonic 
cleaner and specimen engraver shall be acquired.

Voulût. £ Grinding Material microscope
I Doom machine polishing and computer

Hardness testers Macrohardness tester 
and computer

Figure 27: Layout for the material laboratory

DIRECTION OF WORK FLOW

Figure 28: Layout for the material testing cell
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6 Test results

Tensile tests, Charpy impact tests and Brinell hardness tests were done on the ADI 
specimens. Statistical analyses of the yield and tensile strengths of both materials were 
done. This included calculation of the sample mean, sample standard deviation and 
sample coefficient of variation.

Sample mean is the average of all the samples and is given by:

Equation (1)
i=l

where n is the total number of observations and Xj are the individual observations.

The sample standard deviation sx is a measure of the magnitude of the variation in x, or 
in this case of the strength of the individual specimens:

xf — nx2

The sample coefficient of variation is given by:

6.1 Charpy impact testing

Especially for this thesis Charpy impact tests were made for JS/900-8 and JS/1050-6. 
Testing for ADI was done according to ASTM 897-06M standard.

Results from previous tests ordered by Dr.Sc. Kari Blomster for the GM are also 
available and are compared. The earlier tests were done for the same materials, cast by 
the same foundry and tested at the same 3 rd party laboratory.

Charpy impact test which is also known as the Charpy V-notch test is a standardized 
test designed to determine the amount of energy a material absorbs during fracture. This 
energy is used to measure a given material's toughness and is used to determine the 
ductile-brittle transition temperature. It is thoroughly standardized and is widely used in 
scientific research and in industrial applications. Its advantages are ease of use and

Equation (2)

Equation (3)
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quickly obtainable results. A major disadvantage is that the results are only 
comparative.

Method

The test specimen is thermally conditioned to the desired temperature. It is then placed 
on the specimen supports of the machine, against the anvils. After this the pendulum is 
released and it impacts the specimen (Figure 29). The pendulum has a certain potential 
energy that is known, for example 300 J. Information about the energy used to break the 
sample is obtained from the machine. The broken specimen can be analyzed for fracture 
mechanism etc.

Starting position

End of 
swing

Figure 29: Charpy impact test

Obtainable information
Absorbed energy is the energy difference between the energy in the striking member, 
i.e., the pendulum and the energy remaining after breaking the specimen. The value is 
determined from the machine's scale reading. The scale is to be corrected for windage 
and friction losses.

Lateral expansion can be measured to see dimension changes caused by the impact.

Percentage of shear fracture on the fracture surfaces of the specimen may be 
determined. There are a variety of methods for this.

In case the GM decides to acquire a Charpy tester, it will come at some expense. The 
tester will require the purchase of ovens and freezing units as well as a broaching
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machine and measurement machine for the V-slots. It may be more economical to buy 
the tests from an outside source.

The temperature tolerance from the specified test temperature is ±2 degrees. The test 
piece must be cooled for a sufficient time for homogeneous temperature uniformity.

6.1.1 Test specimens

The method for impact testing is the unnotched Charpy impact tests according to Test 
Methods E23, with variations. The variations are that specimens are to be prepared 
unnotched to the dimensions in Figure 30 (ASTM 897), i.e. 10mm x 10mm x 55mm 
(Figure 30) with certain tolerances (Table 13).

»

L = 55 mm, W = 10 mm and T = 10 mm
Figure 30: Unnotched Charpy impact specimen (ASTM 897-06M)

Table 13: Dimensions and tolerances for Charpy impact specimen (ASTM E23)
Table B1 Charpy Y-uotch test pieces.
Dimensions Nominal Tolerances
Length 55 mm ± 0.60 mm
Width
- standard test piece
- subsize test piece
- subsize test piece

10 nnn
7.5 mm
5 mm

± 0 .11 mm 
± 0 .11 mm
± 0.06 nun

Thickness 10 nun ± 0.06 mm
Angle of notch 45° ±2°
Depth below notch 8 nuil ± 0.06 nnn
Root radius 0.25mm ± 0.025mm
Distance of notch from ends 
of test piece 27.5 nmi ± 0.42 nun
Angle between plane of symmetry 
of notch and longitudinal 
axis of test piece 90° ±2°

The test temperature shall be 22 ± 4 °C. Four specimens shall be tested and the one with 
the lowest impact energy shall be discarded. The three remaining values will be 
averaged. The minimum impact values for JS/900-8 and JS/1050 are 100 J and 80 J, 
respectively.

6.1.2 Charpy impact test results
The tests done during summer 2011 show (Figure 31) that the results exhibit quite little 
scatter, but the values are below the ASTM 897 requirement of 80 J at room
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temperature. It is noticed that the impact values do not significantly decline when going 
to the lower temperatures. This is in line with literature, which sets JS/1050-6 transition 
temperature around -80 °C (Jokipii 1984).

Figure 31: Charpy impact test results of JS/1050-6 from summer 2011

Test results from January 2012 show (Figure 32) a much larger scatter than results from 
six month earlier. On the other hand, the results are closer to the expected value of 80 J.
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Figure 32: Charpy impact test results from January 2012

Impact test commissioned during summer-fall of 2012 by the author show a large 
scatter, but again the results show an increase in impact energy. In most test points the 
values exceed the standard by circa 20%.
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Figure 33: Charpy impact test specimens from summer 2012

It was noticed that between the test groups the impact energy needed to break the ADI 
specimens have risen noticeably. It can also be seen that the there is a greater variance 
in the later tests than there was in the earlier ones. Heat treatment parameters have not 
been intentionally changed during this time. The content of phosphorous has risen over 
20% during this time and the content of Mn was noticeably lower during January 2012, 
than in the other periods.

Table 14: Changes in chemical compositions between samples during the periods 
of the Charpy tests

c Si Mg Mn Cu Ni Mo P S

Summer 2011 3.536 2.340 0.052 0.245 0.752 1.428 0.215 0.031 0.013
Jan 2012 3.569 2.281 0.053 0.209 0.743 1.428 0.213 0.032 0.014
Summer 2012 3.524 2.385 0.053 0.264 0.752 1.432 0.211 0.038 0.014

Earlier it has been found (Jokipii 1984) that ADI on average retains about 70 % of its 
impact toughness at -40 °C compared to room temperature. It was found that for 
JS/1050-6 the drop was from 98 J at 20 °C to 86 J at -40 °C. This means that the 
material keeps 88 % of the room temperature impact toughness. At low-temperature 
levels that are to be expected in real life situations (-40 °C and warmer). JS/1050-6 is 
known to have the best low-temperature properties of all the ADI grades (AGMA 
2007). This is well in line with the findings of this research.

The typical coefficient of variation for fracture toughness in metals is 15% (Dowling 
2006). This seems to be the case for most temperatures. At room temperature the 
material seemed to have a larger coefficient than at sub-zero temperatures.
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Table 15: Statistical analysis of Charpy impact tests for JS/1050-6.

JS/1050-6

ООCM 0°C -20 °C -40 °C

Sample mean [J] 97.92 82.88 87.92 86.00

Sample standard 
deviation [J] 18.36 14.87 13.82 14.08

Sample coefficient 
of variation [J] 18.75 17.94 15.72 16.37

The tested ADI has much higher impact energy values compared to the earlier tests 
commissioned by Blomster, but is in line with the findings of others (Fierro et al. 2003, 
Dal Corobbo & Arias 2009). ADI is known for its good impact resistance (Myzska 
2007).

Impact test results for JS/900-8 are shown in Figure 34.

JS/900-8
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Figure 34: Results of Charpy impact tests done for JS/900-8

It was found that in case of JS/900-8, the drop in impact toughness was from 129 J at 
20 °C to 80 J at -40 °C. This means that the material keeps 62 % of the room 
temperature impact toughness. At room temperature the material seemed to have a 
larger coefficient than at sub-zero temperatures. This phenomenon was also seen with 
the other ADI grade.
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Table 16: Statistical analysis of Charpy impact tests for JS/900-8

JS/900-8

ОоCM 0 °c

ОоCN a о О

Sample mean [J] 128.83 90.58 98.42 80.25

Sample standard 
deviation [J] 20.03 9.28 11.15 7.53

Sample coefficient 
of variation [J] 15.55 10.24 11.33 9.38

6.2 Tensile and hardness testing

Tensile tests were done for both ADI materials at the GM's material testing cell in 
Tianjin. The tensile testing machine was a 300 kN SHT4305-W. The tensile testing 
parameters are divided into three steps. Step one is to hold a stress rate of 6 MPa/s until 
5 mm displacement. Step two uses displacement control of 10 mm/min until 12 mm 
displacement. In step three the speed is increased to 30 mm/min until 300 kN stress 
level is achieved or the specimen breaks.

The yield and tensile strengths are measured from the displacement of the heads. An 
extensometer is used by the GM during the measurements, but it is removed at 5 mm 
displacement, which typically happens before the start of the plastic deformation. Little 
useful information is obtained from the extensometer. The standard expects yield 
strength to be calculated by the 0.2% offset method described in ASTM E8. In effect the 
yield strength is not measured in this way at the moment, and shall be changed in the 
future. This may be one source of variation in the results, as the cross-head 
displacement method is affected by things, which are not properties of the specimen, 
such as machine and grip deflections. In this method the elongation is measured from 
the entire specimen, not just the gauge area of the specimen.

A tensile specimen has two shoulders or grip sections and a gauge section between 
them. The grip sections shall be large enough for the tensile testing machine to grip 
them. The gauge section is thinner so that the failure will surely occur in that area. The 
dimensions of the tensile specimen are defined in standards. Because the relation 
between diameter and gauge length has an effect on some values, e.g., maximum 
elongation, use of non-standard specimens must be specified with the measurement 
results.
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Figure 35: Typical tensile test specimen

ADI's tensile test specimen is standardized. It is a round sample with a gauge length of 
62,5 mm and a gauge diameter of 12,5 mm. The GM uses a CNC-lathe to make the 
samples from the cut Y-blocks.

Figure 36: Tensile test specimen for ADI (ASTM 897-06M)

6.2.1 Elongation to fracture

The tensile testing machine has an extensometer for the calculation of elongation. The 
elongation to fracture is measured by setting an extensometer with two measuring points 
to both ends of the gauge length. The device measures the change in distance between 
these two points. The maximum elongation of the gauge length is divided by the 
original gauge length. This computation gives the elongation to fracture.

6.2.2 Brinell hardness testing method
Brinell testing was done with a Times table-top Brinell hardness tester, according to the 
relevant standards (ASTM ЕЮ, ISO 6506). 3000 kg method was used for all testing.

Brinell testing is typically done on iron and steel castings using a 3000 kg test force and 
a steel ball with a diameter of 10 mm. Lower force and smaller ball diameters are used 
for softer materials such as aluminum.

The intender is pressed onto the sample by the specified amount of force (F). The force 
is maintained for a specific time (dwell time). This is typically 10-15 s. The intender is 
removed after the dwell time, leaving a round indent on the sample. The size of the
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intent tells the hardness of the product (equation 4). The size is determined by 
measuring the two diagonals of the round intend. This is done with a portable 
microscope or is integrated into the load application device. The hardness value is a 
function of the test force divided by the curved surface area. The indentation is assumed 
to be spherical and the radius to be half of the diameter of the ball. The average of the 
length of the diagonals are used in equation 4 (Instron 2012).

Figure 37: Schematic view of Brinell hardness test, where

2 F
HB =

nD(D - VD2 - d2 Equation (4)

6.2.3 Tensile test results of JS/1050-6
132 tensile tests were done for JS/1050-6 at the GM material testing cell from July to 
October 2012. The results from these tests showed that on average the tensile strength 
was 3.4% above the ISO 17804 standard requirement, while the yield strength was 0.8% 
lower. The elongation was 137% higher than required. The higher elongation is in line 
with the high Charpy impact test values.

Table 17: Results from tensile and hardness tests done on JS/1050-6

Tensile
strength
[MPa]

Yield
stength
[MPa]

Elongation
[%]

Hardness from 
Y-block 
[HBW30]

Hardness from 
product 

[HBW30]

Average from 132 tests 1003.4 694.5 7.1 343.1 339.1
Nominal (ISO 17804) 970 700 3 320-380 320-380
Difference from nominal +3.4% -0.8% +136.7% in range in range
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Even though the results seem to be close to the requirements of the standard, 42% of 
the tested blocks passed the standard on all required values (tensile strength, yield 
strength, hardness and elongation). This indicates the process producing acceptable 
products on average, but having a high variation.

Table 18: Analysis of passing criteria

Tensile
strength
[MPa]

Yield stength 
[MPa]

Elongation
[%]

Hardness from 
block 

[HBW30]
Specimens satisfying 
ISO 17804 
requirements

94 pcs = 
71%

58 pcs = 
44%

127 pcs = 
96% 63 blocks = 95%

Totally passed 55 specimens = 42%

42% of the specimens passed the yield strength requirement. This indicates that 
currently the heat-treatment process is producing lower strength material, but this 
increases the elongation significantly. Even though the standard is not satisfied, this can 
be a positive thing in gear manufacturing. 37 out of the 55, i.e. two out of three of 
passed specimens were from the A position of the Y-block. The effects of the position 
are discussed later in the thesis.

The correlation between tensile strength and hardness does not seem to be very clear. 
Typically, the tensile strength of ductile iron has a good correlation to hardness. This
does not seem to be the case for the GM's ADI.

* ♦♦♦♦

Y-Block hardness [BH]

Figure 38: Correlation between tensile strength and hardness in JS/1050-6
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6.2.4 Variation in strength values of JS/1050-6

There is always some variance in the mechanical test results. The same phenomenon 
was found during this study. The variance and distribution of yield and tensile strength 
are shown in Figure 39 and Figure 40. The yield strength has a tail on the right. This 
seems to indicate that it follows a Weibull or other similar asymmetrical distribution 
rather than a normal distribution (Figure 39). Asymmetrical distributions of tensile 
strengths are most often encountered with brittle materials, such as ceramics (Lu et al.

x = 695

s =58.1 MPa

n = 132

Z 6 -

600610620630 640650660670 680690700710 720730740750 760770780790 800810820 830840850860 870880890900 910

x, yield strength [MPa]

Figure 39. Variation in yield strength of JS/1050-6; normal distribution is drawn

The sample coefficient of variation, which is calculated by dividing the sample standard 
deviation with the sample mean, is typically circa 7% for metals. For the yield strength 
of JS/900-8 it was 8.4%. The tensile strength results seem to follow the normal 
distribution more clearly.
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Figure 40: Variation in ultimate tensile strength of JS/1050-6

The sample coefficient of variation was calculated to be 7.4%. Typical value for tensile 
strength of metals is 5%. The distribution appears to follow a Weibull distribution. It 
can be seen that the coefficient of variation for both strength values is noticeably greater 
than the typical values for metals. This is probably due to the higher statistical 
distribution typically found in cast materials. Voids and other casting imperfections 
cause cast materials to have a wider scatter in results.

6.2.5 Tensile test results of JS/900-8

During 2012 JS/900-8 materials were also tested, but to a lesser extent. The material 
satisfies ISO 17804 requirements for the mechanical properties by about 5 % and has a 
noticeably high elongation, which is 75 % above the minimum.

Table 19: Tensile and hardness test results for JS/900-8

Tensile
strength
[MPa]

Yield
stength
[MPa]

Elongation
[%]

Hardness 
from block 
[HBW30]

Average from 27 tests 862.7 632.3 7 297.5

Nominal (ISO 17804) 820 600 4 280-310

Difference from nominal
Ш__________________

+5.2% +5.4% +75.0% in range
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It appears that on average, the heat treatment process for this material is in order. On 
average the material exceeds the requirements and the elongation far exceeds it. 
Hardness is also in the higher end of the tolerance range. However, the same 
phenomena can be seen with JS/900-8 as with the JS/1050-6, that 63% of the test 
samples actually passed the entire criteria. In terms of yield strength, the situation is 
much better with this softer material. Tensile strength and elongation do worse than 
with the tougher JS/1050-6. Two of the fourteen Y-blocks had hardness out of 
tolerance, but at the high end. The expected hardness level is 280...310 BHN. One 
block was measured at 311 BHN, and another block had a BHN value of 337.

Table 20: Analysis of passing criteria for JS/900-8

Tensile
strength
[MPa]

Yield strength 
[MPa]

Elongation
[%]

Hardness from 
block 

[BHN 30]

Specimens satisfying 
ISO 17804 
requirements

18 pcs = 
67% 26 pcs = 96% 20 pcs = 74% 12 blocks = 

86%

Totally passed 17 pcs = 63%

10 out of the 17, i.e. 58% of the passed specimens were from the A-position of the Y- 
block. The effects of the tensile specimen position are discussed later in the thesis.

The correlation between tensile strength and hardness does not seem to be very strong 
for the JS/900-8. Similar lack of correlation was found for JS/1050-6.

Figure 41: Correlation between tensile strength and hardness of JS/900-8
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6.2.6 Variation in strength values of JS/900-8

Both yield strength and tensile strength seem to follow the same tailed distribution that 
the JS/1050-6 specimens follow. Due to the small number of specimens, proper 
distribution curves are not drawn on the pictures.
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Figure 42: Variation in yield strength of JS/900-8
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Figure 43: Variation in ultimate tensile strength of JS/900-8

6.3 Effect of specimen position on the Y-block

The standard gives two places on the Y-block where the tensile test specimens are cut 
out, positions A and В (Figure 44). The position A is the preferred in ASTM 897. This
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position typically gives better results with less statistical variation, and this was also 
found in this study. The specimens from position A give approx. 4-5% better results for 
tensile strength. In the case of JS-1050-6, the standard deviation was 10-11% lower. On 
the other hand, standard deviation for tensile and yield strengths rose by 30-50% for 
JS/900-8. There is a much larger population of test points for the JS/1050-6 so it can be 
considered more reliable than the JS/900-8. The reason for better results is in that the 
cast block solidifies first on the edges (position A) and last in the center of the block. 
Shrinkage may cause casting defects to the last solidifying parts, making them 
mechanically inferior compared to the edges. Of the specimens that passed the entire 
test criteria, 67% and 58% were made from the A position, for JS/1050-6 and JS/900-8, 
respectively.

Figure 44: Tensile test specimen positions on Y-block

Table 21: JS/1050-6 comparison between yield strength of A and В positions on 
Y-block

Position A Position В Position A / 
position В [%]

Mean value of yield strength 
[MPa]

711.7 679 4.82

Standard deviation of yield 
strength [MPa]

52.7 58.4 -9.76

Coefficient of variation 
[MPa]

7.4 8.6 -13.91
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Table 22: JS/1050-6 comparison of tensile strength between A ja В positions on 
Y-block

Position A Position В Position А/ 
position В [%]

Mean value of tensile 
strength [MPa]

1022.1 984.7 +3.80

Standard deviation of tensile 
strength [MPa]

67.9 76.6 -11.36

Coefficient of variation 
[MPal

6.6 7.8 -14.60

Table 23: JS/900-8 comparison between A ja В positions on Y-block

Position A Position В Position A / 
position В [%]

Mean value of tensile strength 
[MPal 880.4 845.0 +4.2

Standard deviation of tensile 
strength [MPal

77.8 58.3 +33.5

Coefficient of variation [MPal 8.8 6.9 +28.1

Table 24: JS/900-8 comparison between A and В positions on Y-block

Position A Position В Position A / 
position В [%]

Mean value of yield strength 
[MPal 630.0 634.6 -0.7

Standard deviation of yield 
strength [MPal 30.6 19.9 +53.3

Coefficient of variation [MPal 4.9 3.1 +54.4

The elongation to fracture between specimens from position A and В was much higher 
for JS/900-8 than for JS/1050-6. The preferred A position produced 1.4 % and 64.2 % 
higher results for JS/1050-6 and JS/900-8, respectively (Table 25)

Table 25. Comparison of elongation to fracture between A and В positions

Position A [%] Position В [%] Position A / 
position В [%]

JS/1050-6 7.1 7.0 + 1.4

JS/900-8 8.7 5.3 +64.2
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6.4 Chemical composition of ADI

6.4.1 Chemical composition of JS/1050-6

Only 62 Y-blocks (i.e., 124 samples) had their chemical composition checked due to 
maintenance of the spectrometer. This does not present a marked statistical problem and 
the results can be considered to represent the whole lot.

It was found that the content of phosphorous is above the maximum values found in 
literature (Aslantas 2004, Alaalam 2008, Swain et al. 2012, Sosa et al. 2005), which 
give a value of 0.01%...0.03% as the tolerance range. A maximum target value of 
0.04% has also been suggested (ASTM 897, Häyrynen 2002). A very high content 
(excess of 0.05%) of phosphorous has a negative effect on the mechanical properties 
(Blomster 2010). Earlier studies have found that phosphorous has an embrittling effect 
on ductile iron. Dynamic tear energy of ductile iron is significantly affected by the 
phosphorous content (Figure 45).
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Figure 45: Influence of P on dynamic tear energy of ductile iron (Ductile Iron 
Society, 1998)
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Table 26: Average content of elements and statistical variation in GM's JS/1050-6

CE C Si Mg Mn Cu Ni Mo P S

Sample mean 4.32 3.52 2.38 0.05 0.26 0.75 1.43 0.21 0.04 0.01

Sample standard 
deviation 0.0081 0.0087 0.0130 0.0022 0.0401 0.0195 0.0204 0.0061 0.0026 0.0014

Sample 
coefficient of 
variation [%]

0.187 0.246 0.544 4.226 15.467 2.585 1.425 2.876 6.876 10.199

6.4.2 Chemical composition of JS/900-8
The chemical composition of JS/900-8 was measured from 13 Y-blocks.

Table 27. Average content of elements and statistical variation in GM's JS/900-8

CE C Si Mg Mn Cu Ni Mo P S

Sample mean 4.32 3.56 2.27 0.05 0.21 0.74 1.43 0.21 0.03 0.01

Sample standard 
deviation 0.0321 0.0360 0.0441 0.0028 0.0493 0.0165 0.0210 0.0030 0.0031 0.0015

Sample coefficient 
of variation [%] 0.743 1.011 1.944 5.480 23.386 2.214 1.470 1.429 9.654 11.888

All blocks of both materials were found to conform to the ISO standard but were on the 
high end of the scale for phosphorous.

6.5 Microstructure

At the moment the GM does not do micro structure analysis on ADI samples. Normally 
the casting supplier has taken at lOOx magnification of the casting prior to heat 
treatment. The nodularity is calculated from these pictures and as long as it fulfills the 
required amount, they are passed. No record is kept of the actual specific amount for 
actual statistical analysis. New lab shall acquire the capability to do nodule calculation 
as well as retained austenite content calculation.

Specimens which had fulfilled the mechanical requirements and those that had not were 
compared. The amount of nodules per square millimeter was calculated for specimens 
with Scentis laboratory software (Figure 46).
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Figure 46: Picture of nodule calculation software

There does not seem to be a noticeable difference in the visible microstructure between 
passed and failed specimens. The nodule counts for the tested specimens were on 
average 280 nodules per mm2. Minimum demanded by the standard is 100 pcs/mm2.

Figure 48: Specimen PB667-1 (JS/1050-6) failed yield and tensile strength 
criteria. 263 pcs/mm2
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Figure 49: Specimen PB550-1 (JS/900-8) passed all test criteria. 223 pcs/mm'

Figure 50: Specimen PB541-1 (JS/900-8) failed tensile strength and elongation to 
fracture criteria. 252 pcs/mm2

The pictures show that all specimens had similar microstructure and that the amount of 
nodules did not seem to have a marked effect on the mechanical properties. Specimen 
PB550-1 passed all criteria, even though it had a smaller nodule count than PB541-1 
(223 vs. 252).

6.6 Summary of mechanical testing results and discussion

The mechanical properties of the GM's ABI grades are on average close or above the 
standards. Impact properties are better than expected at all temperatures. The low- 
temperature behavior of JS/1050-6 was especially good. Tensile properties are not as 
good as the standards require. The statistical distribution of the results produces some 
interesting questions. The data seems not to follow a normal distribution, but rather one 
with tails to the higher strength end. Hardness values were well within the tolerance 
range. Nodule counts for specimens that passed and failed the criteria were almost 
three-fold to the requirement. This did not have a clear effect on the mechanical 
properties.
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There is a wide spread in the mechanical testing results, especially the tensile tests. 
Several factors affect the statistical variance, such as casting defects, tensile test 
method, specimen positioning in the machine, differences in heat-treatment 
temperatures, which affect the amount of retained austenite, and casting imperfections 
in the specimens.

Cast materials, such as ADI, may have a variety of casting defects, even if cast and heat 
treated properly. These defects are typically the major cause of statistical variation in 
mechanical properties of castings. Main types of casting defects are gas porosity, 
shrinkage defects, mold material defects, pouring metal defects, and metallurgical 
defects. The castings for the GM are done by a Chinese foundry, and the GM has no 
direct control over the casting process. Several faults or inefficiencies in the foundry 
processes may cause variation in results. It is quite possible that Y-block castings are 
not done consistently and in the same way every time. At the moment the GM does not 
have a stereo microscope that would allow proper study of the fracture surfaces of 
tensile specimens or actual production pieces. This may be a good acquisition in the 
future.

At the moment two tensile test specimens are cut from each Y-block. The positions of 
the specimens are two specific regions in the Y-block. Other one of these positions is 
preferred by the standard, but it allows testing to be done on either one. It was found 
that the standard deviation in strength values for specimens taken from the preferred A 
position was reduced for JS/1050-6. The tensile and yield strength values were also 4- 
5% higher for this position. On the other hand, the standard deviation in JS/900-8 is 
significantly higher for the preferred A position than for the В position. The position В 
solidifies later than position A, because it is closer to the center of the block. This 
indicates that casting defects have an impact on the mechanical properties of the ADI 
grades tested at the GM.

Yield strength and ultimate tensile strengths are calculated using the cross-head 
displacement method. The method is less reliable than using an extensometer. In 
addition the ASTM 897 standard expects the 0.2% offset method to be used in 
calculation of the yield strength. Results obtained by the cross-head displacement 
method are affected by the elongation of the entire specimen, not just the gauge length. 
In addition results are affected by things such as machine deflection, grip deflection and 
slippage of the specimen. These may result in variation in results as well as inaccurate 
results. It is possible that the current testing method gives false information on whether 
a specimen in reality passed the test criteria or not. Results obtained are, thus, not 
completely comparable to earlier literature or standards. In the future the GM shall 
change the testing method to comply with the standard.

The elongation to fracture of the specimens is marked with a marker on the specimen 
itself. After it has been tested, the length is measured again. The difference is used to
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calculate the elongation. This method has a possibility of given inaccurate results. The 
marked spots themselves are about 1-2 mm thick. The accuracy of the measurement 
between these two spots is dependent on which part of the mark is used. In case the one 
operator uses the centers of the markers and another the ends, results will vary between 
operators.

The specimens very rarely break in the middle of the gauge length. Two possible 
reasons are that 1) this is a typical behavior of cast materials due to casting defects and 
2) the specimen is placed in the machine by hand and may not be positioned correctly. 
Specimens are placed by hand in to positioning grooves in the upper cross-head. Once it 
is in place, the grips in the lower crosshead are tightened. The lower cross-head also has 
positioning grooves for round specimens. A few tensile test specimens were shot 
peened, and showed the same behavior as the control group. This indicates that the 
surface quality was probably not the issue.

The temperature of the salt bath is adjusted according to the weight of the batch that will 
be heat-treated. The temperature of the bath is lowered below the target austempering 
temperature before the batch is added, so that the heat from the batch will raise the 
temperature to the target level. This adjustment is done based on empirical knowledge. 
A multiplier is used to determine how many degrees the temperature of the bath is 
lowered, for example 1.0 °C/1000 kg. It is not certain if the multiplier gives a uniform 
heat treatment for the different batch sizes. In case the operator does not use the 
multiplier at all, or uses the wrong weight of batch to calculate the salt bath temperature, 
different batches will not have a uniform heat treatment. Temperature differences of 
5... 10 °C may be the result of this and that will have an effect on the content of retained 
austenite and the mechanical properties.

Water is added to the salt bath between certain periods. The goal is to have it added 
continuously, but at the moment it is not possible, due to certain technical constraints. 
Instead water is added periodically. This means that the bath “dries” before the next 
addition of water. Batches done just after the addition of water and just before will, thus, 
experience a bath with different heat transfer characteristics, which may bring variation 
in the retained austenite content. The actual amount and time between water additions 
are proprietary information and will not be discussed in this thesis.

A lower isothermal heat treatment temperature is generally known to improve 
mechanical properties of ADI. Test batches with the salt bath temperature 5 °C, 10 °C 
and 15 °C lower than that at the moment shall be tested.

Impact tests were done on both ADI grades. It was found that the results fulfill the 
requirements of the standards. The specimens retained approx. 90 % and 60 % of their 
impact energy at -40 °C compared to room temperature. This is well in line with 
literature and shows that ADI is well suited for low-temperature climates. Results
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obtained during this thesis were compared with results from earlier tests made on the 
same grades by the GM. It was found that the impact values have increased from the 
summer of 2011 to the summer of 2012. During this same time period the content of 
phosphorous has systematically risen in the material supplied by the foundry.

The impact tests done on the specimens were performed by the same laboratory, on the 
same equipment and according to the same specifications. Thus, differences occurring 
from changes in testing are not the probable cause of the increase in strength. Possible 
reasons for the variation come from unintentional changes in the heat-treatment process, 
as discussed earlier, or changes in chemical composition.

It was found that there is more phosphorous in the material than is typically accepted for 
ADI. At the same time the Charpy impact test values of the specimens have risen. The 
influence of phosphorous on ductile irons and ADI are controversial. Some sources 
conclude that phosphorous is an impurity in ductile iron and has a detrimental effect on 
the mechanical properties of ADI (ASTM 897, Ductile Iron Society 1998, Blomster 
2010). At the same time phosphorous is considered to be a solution strengthener in 
ductile iron.

Regardless of the actual effect of phosphorous on the mechanical properties of ADI, the 
content of phosphorous has risen during the year 2012 approx. 20%. The current values 
far exceed the GM's standard maximum level. The content of phosphorous shall be 
lowered back to an acceptable level.

In summary, currently there are several sources, which may influence the mechanical 
properties and their variation. Casting defects from the foundry is the usual suspect in 
variation of mechanical properties of castings. The heat-treatment process experiences 
changes because the water addition system causes differences in the heat transfer 
capabilities of the salt bath. In addition, it is not certain whether the multiplier used for 
setting the bath temperature is correct, and if it is used consistently with all the batches. 
The GM is moving its ADI heat-treatment facilities to a new location with different 
kinds of furnaces and temperature controls for the salt baths. The faster control of the 
bath temperature is expected to remove any variation caused by the temperature 
differences between batches. Other sources of variation include tensile testing, which is 
done according to the cross-head displacement method, which is not as reliable as the
0.2% offset method. In addition, the content of phosphorous has risen to an 
unacceptable level according to the GM's standard. It is yet uncertain how large an 
effect it has, if any. The tensile test method shall be changed to the 0.2% offset method, 
to conform to standards better and give results that are more accurate.
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7 Summary and conclusions

7.1 Summary of the project

A plan for getting type approval by American Bureau of Shipping for jack-up and winch 
gears was created. The process follows ABS's rules for the type approval process as 
well as the rules for materials and parts testing.

Materials testing laboratory was specified according to the needs of the new process. 
When this new capability is acquired, the GM can apply and receive a type approval for 
its offshore products.

The low-temperature properties of the ADI grades used currently by the GM in 
planetary gear units and girth gear rings were studied. The low-temperature impact 
toughness properties of ADI grades JS/900-8 and JS/1050-6 were studied 
experimentally with Charpy impact tests at -40 °C, -20 °C, 0 °C and +20 °C.

It was found that the impact toughness of the ADI materials were well above that which 
is demanded by ISO standards and that the drop in impact toughness values at low- 
temperatures compared to room temperature was low. These results combined with 
ADI's exceptional microstructural characteristics make it an ideal gear manufacturing 
material. The tested material grades are well suited for use in low-temperature gear 
applications, such as the arctic offshore industry or the Mongolian coal mining industry.

7.2 Conclusions

1. Gear units for the jack-up rigs will be manufactured in large quantities per rig, 
so it is wiser to apply for a type approval for the specific gear unit than to certify 
them individually.

2. The classed gears and other special gears require a well-organized testing and 
manufacturing schedule. Quality department, production planning, design and 
sales support have to work together. The testing shall be made a part of the 
production plans and work instructions, with clear indications to workers when 
testing needs to be done and another department contacted.

3. The responsible person for a classed gear unit/special gear unit project, the 
project manager, will be from the sales support department. He will co-ordinate 
the information flow and communication between the departments.

4. Testing machinery is mostly the same as the GM already has. New machines 
will be bought and in addition new capabilities with Charpy impact hammer, 
broaching machine for the V-groove, portable spectrometers and Leeb rebound 
testers are needed.

5. ADI as a material is not accepted in the classification societies' standards. The 
standards do allow for non-conforming materials, as long as can be proven that
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they can perform as well as standard materials. This means that ADI grades have 
to be tested for mechanical properties and subjected to approval by the societies.

6. All subcontracted parts are by default expected to come from classified 
foundries, steel mills and forges. In case they are not bought from these places, 
the gear manufacturer must have an approval process that is certified by a 
society. This means that a GM internal certification process for the 
subcontracted materials must be made and approved by a society.

7. The A position of the Y-blocks is preferred by the ASTM standard. This 
position gives 4-5 % higher tensile strength values for both materials. Specimens 
taken from position A have a lower standard deviation for JS/1050-6 and higher 
for JS/900-8. Elongation to fracture is increased for both materials when tested 
with specimens from the A position. For JS/900-8 this increase is over 60%. 
The majority of specimens that passed the entire criteria came from the A 
position specimens. The effect was more prominent for JS/1050-6, which had 
67% of passed specimens machined from the position A.

8. The content of phosphorous in ADI used by the GM is above the generally 
accepted maximum. It has increased from 0,03% to 0,04% during year 2012. 
This may cause the below standard mechanical properties. The content of 
phosphorous in the castings shall be reduced to GM's accepted standard level.

9. More Y-blocks per batch are needed in case a lot of Charpy tests are done. The 
minimum shall be 3 specimens per batch + 2 extras for retesting which means a 
total of 5 specimens. When also tensile testing is required, one + one for 
retesting a total of at least two Y-blocks per batch are needed.

10. Tensile testing is at the moment done with the cross-head displacement method 
instead of the required 0.2% offset method. This shall be changed when the 
materials testing cell is moved to the new factory.

11. The heat-treatment process has several possible sources of variation, which may 
lead to changed retained austenite content and mechanical properties between 
batches. In case the heat treatment is the cause of variation, it can be expected to 
be reduced, when the ADI heat treatment is transferred to the new facility.

12. A lower isothermal temperature during the ADI heat-treatment process is known 
to improve mechanical properties. Testing for lower temperature heat-treatments 
shall be made in the future.
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Annex 1 (1/1): Information flow chart for special gears
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