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ABSTRACT

This work studied the effect of cooling rate on the microstructure and mechanical
properties of Nickel Aluminium Bronze (NAB) alloy. In this study, four different cooling

media (air, oil, ice, fan) were employed during the cooling process of the cast nab.

! . .
The cooling in different media was carried out in order to assess their influence on its

microstructure and mechanical properties,

Sand casting was used and was found to be effective based on its advantages of low

cost, ease of use, flexibility, and availability of materials in the production of the nab alloy.

Microstructural analysis was also carried out on the cooled NAB alloys. The tensile
strength and hardness of the various samples were also carried out. The result showed that the
sample cooled with the use of a fan has the highest hardness and the sample cooled in spent

engine oil has the highest tensile strength.

Keywords: NAB, MICROSTRUCTURE, HARDNESS, TENSILE TEST, SAND

CASTING.
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CHAPTER ONE
1.0 INTRODUCTION

1.1 Background study

Nickel-aluminum bronze (NAB) alloy is one kind of copper-aluminum alloys. Due to high
strength and excellent corrosion resistance, this alloy is widely used for marine equipment such
as propellers, pumps, valves, efc. (Hassan et al, 1982). Under normal casting conditions, the
microstructure is composed of o phase, several intermetallic phasesf (i, ®ii, ki, and Kjy) and a
retained P phase (' phase) (Jahanafrooz et al, 1982). Nakhaie et al. found that the anodic
character of k phase with tens of millivolt is higher than that of copper-rich o phase, which
increases the galvanic corrosion resistance of NAB alloy. In addition, the NAB alloy is reported
to be susceptible to crevice and selective phase corrosion (Wharton and Stokes, 2008). Recently,
several techniques have been used to improve both the corrosion resistance and mechanical
propetties of cast NAB alloy, such as equal channel angular extrusion (ECAE) (Ghao and Cheng,
2008), laser surface melting (LSM) (Tang and Cheng, 2004), and friction surfacing (FS) (Hanke
et al., 2011). Tang er al. reported that laser surface melting improved the corrosioﬁ resistance and
erosion resistance of cast manganese-nickel-aluminum bronze die to the formation of a
homogeneous and single phase microstructure. Hanke et al. found that FS could improve the
cavitation erosion of NAB because fine grains and homogeneous njqicrostructuré are obtained
during friction surfacing. Friction stir processing (FSP) is a solid state metal working technique
which was developed based on the basic principle of friction stir welding (FSW) (Mishra and
Ma, 2005). During the FSP process, the specimen uhdergoes intense plastic deformation at
simultaneously-elevated telhperature, resulting in the formatior; of fine and equiaxed

recrystallized grains. This method has been widely used to localize microstructure modification
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in wrought, powder metallurgy and cast materials due to its energy efficiency, being
environmentally-friendly, and versatility (Nandan et al., 2008). Microstructural evolution and
mechanical properties of FSP NAB alloy have been studied in many iiteratures. Swaminathan ef
al. found that the peak temperature in the stir zone during FSP was 92% to 97% of the melting
point. At “low” temperature, NAB undergoes intense plastic deformation during FSP, leading to
grain refinement and microstructure uniformity. According to the previous literature, the refined
grains and homogeneous microstructure can improve the mechanical ‘;iaroperties of the NAB alloy
(Oh-ishi and Su, 2011). The corrosion resistance of FSP NAB alldy is also enhanced by the
refined grains (Ni et al, 2010). Song et al. found that FSP NAB suffer:s less severe attack than the
as-cast NAB because FSP reduces the Volta potential difference amoﬁg all the constituent phases
in as-cast NAB. Moreover, the retained B phase can be produced when cooled at a high cooling
rate, which has a harmful effect on the corrosion properties due to its direct contact with the
cathodic sites and its martensitic structure (Song et al.. 2014). Lenardier al. also reported that the
NAB composed of more ' phase could produce pit cotrosion after long-time exposure to sea
water. In the previous literature, ' phase can be restrained by means of heat treatment

(Anantapong et al., 2014). However, post heat treatment of FSP NAB alloy has yet rarely been

studied.

The microstructure of the alloy consists of a Cu-rich solid solution' known as a-phase and B'-
phase or martensitic B-phase, surrounded by lamellar eutectoid phase and a series of intermetallic
k phases (Hassan et al. 1985). Among the intermetallic compounds; KI phase is roseite shape
which is rich in Fe, KII phase is smaller than k; phase and form a dendritic rosette shape which
distributed at the a/B boundaries, Kiji phase is lamellar shape and it forms at the boundary of K;

phase and is rich in Ni and Ki, phase is a fine Fe rich precipitations that forms in o phase
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(Wharton et al. 2005). The complexity of the alloy with several intermetallic phases lead to a
significant change in the development of the microstructures, which can result in extensive
corrosion resistance in seawater. Results of salt spray test on corrosion behavior of the alloy
indicated that corrosion resistance has been improved in the heat treatment sequences like aging,
quenching, normalizing and annealing. Characterizing the microstru.ciure showed that quenching
transforms all B phase into B’ phase and aging results in precipitation of fine k phases. On the
other hand, annealing has led to the transformation of ' martensite into o and k phases (Chen,
2007). Microstructure of the bronze alloy suffered from cavitation corrosion in seawater showed
that the alloy was corroded by selective corrosion at the interface between o phase and
intermetallic K precipitates, however, K precipitate-free zones were not considerably corroded.
Crevice corrosion of the copper-based alloy was often associated Wiﬂ:'l the formation of a Cu-ion

concentration cell and an accelerated attack at the exposed area adjacent to the crevice

(Schussler, 1993).




1.2 Aim of study

The aim of this research is to determine the effect of cooling rate on the microstructure and

mechanical properties of nickel aluminum bronze alloy.
1.3  Objectives of study
The specific objectives of this research are to;

a) Produce nickel aluminium bronze alloy of known composition‘.
b) Set up different cooling media for the alloy produced in (a)
¢) Determine the mechanical properties of the cooled atloys in (b)

d) Examine the microstructure of the cooled alloys using optical metallurgical microscope.

1.4  Scope of study

a) To prepare casting of Nickel Aluminium Bronze alloy by u.si:ng crucible furnace and to
let it solidify in sand mould.

b} To cool the solidified cast product in various cooling mediums.

¢) To machine the cooled cast products and conduct tensile test.

d) To conduct hardness test on the cooled samples.

¢} To study and analyze the microstructure of the cooled Nickel Aluminium Bronze alloy by

using optical microscope (OM)




CHAPTER TWQO

2.0 LITERATURE REVIEW
|

2.1  EFFECT OF COOLING ON NICKEL ALUMINUM BRONZE ALLOY

Nickel Aluminum Bronze (NAB) alloys have been used for various marine parts in seawater for
many yeats. This alloy is a copper-based alloy including the main alloying; namely, nickel,
aluminum and iron. Thus, NAB is an aluminum bronze, which has been further developed by
adding about 5% nickel and 5% iron. The advantageous propetties of the NAB are high strength
and good corrosion resistance, especially when using in seawater conciition (Dawson and Calleut,
1989). The key of the superior properties is a kappa (x) structure containing high amounts of
aluminum. From the results of former works (Robert and Thomas, 1982), casted NAB
principally showed the intermetallic k-phase structure, which could exist in many morphology
characteristics; namely, Ki-phase that is similar to a rose or rosette, K‘ii- phase having a globular
grain, Kiji-phase in a lamellar form and Kiy-phase as fine precipitate. jl“hf:': coexistence of these k-
structures in NAB alloy depends on the composition of iron, nickel ajnd copper that are different
in each type. Since Kii-structure has a shape of long continuous bandi, it can cause prior damage
due to its sensitivity to chemical reaction compared with the basic a- structure of the alloy
(Robert and Thomas, 1982). It was also found that when placing an object on a NAB sample
containing small cre\?ice on its surface, after soaking in seawater for about | month the arca
adjacent to the crevice was severely corroded. Corrosion depth of ailjout 80 pm was especially
observed next to the Kii-phase (Robert and Thomas, 1982). Hence, it was recommended to avoid
obtaining Kiii-phase in as-cast NAB alloy. Generally, microstructure of as-cast NAB is sensitive
to corrosion due to the de-alloying. Thus, heat treatment process must be carried out

subsequently after casting NAB alloy in order to adjust the k- structure. The temperature, which
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has been proved to be suitable for the heat treatment, is 675°C, at which formation of precipitates
with high density in the matrix microstructure of NAB is provided (Hassan et al,,1982). The as-
cast NAB microstructure basically consists of a copper-rich o (FCC) matrix,  (BCC)
martensitic, Fe3Al and NiAl in form of intermetallic x-phases, as illustrated in Fig. 1a (Hassan et

al.,1982), |
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Figure 1 a) Schematic micrographs of as-cast NAB b) Phase diagram of Cu-Al-5Ni-5Fe alloy (Hassan et

al.1982)

During slowly cooling down from casting temperature, the NAB alloy undergoes different
microstructure changes, which can be seen in an equilibrium phase di?agmm in Fig. 1(b). At high
temperature the microstructure composes of a and p phase. BCC B phase, which do not undergo

diffusion decomposition by cooling, transforms into a complex martensitic structure containing a




high density of NiAl precipitates (Hassan et al.,1982). During cooling the p-phase transforms
into the a-phase and x-phases depending on the cooling rate. When the cooling rate is high, some
B-phases may rcmain in the final microstructure. The development of the Ki-phase is very
sensitive to alloy content and cooling rate. The Kii-phase nucle.ﬂes in the B phase and is
occasionally found in the areas containing the Kii-phase. While a- phase is growing, it envelops
some Kji-phases, which had formed at the o/ interface (Nelson, 2009;). In previous studies of the
Royal Thai Navy Dockyard (Thuanboon, 2011), a type of NAB all:oy was produced using an
open-die casting process. When considering the phase diagram of NAB alloy containing
aluminum in the range of 8-11%, the resulis showed that the NAB microstructure consisted of a
mixture of B phase and ¢ phase embedded with intermetallic 1<—ph5ases at the temperature of
900°C. At the temperature lower than 900°C, the main structure changes from B phase to o phase
including several types of intermetallic x-phases. Fig. 2a presents typical microstructure of an as-
cast NAB alloy. When the NAB specimgn was annealed at 675°C for 6 hours and subsequently
cooled in air, the microstructure was changed, as shown in Fig. 2b. Tt was observed that after
heat treatment process no [ phase remained in the microstructure. !The altered microstructure
mostly contained o phase and different types of K-phase, by which grain of the o phase became

larger and k-structure significantly increased,
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Figure 2 a) Initial microstructure of as-cast NAB b) microstructure of as-cast NAB after

annealing at 675°C for 6 hours and cooling in air (Thuanboon, 2010)

Recently, the effects of heat treatment parameters such as temperature, holding time and cooling
rate on mechanical properties and microstructure evolution of as-cast aluminum based alloys
were investigated (Ajeel et al., 2007). In forging process, wchking temperature shows
considerable influences on the grain size of final workpiece of aluminum ailoy. Thus, forming
temperature is an important factor affecting the mechanical propertiejs of the forged parts (Shan
et al., 1997). It was found that for aluminum 7075 an optimum forging condition is to control the
mold and specimen temperature to be around 460°C during the hot forming process (Weronski
and Gontarz, 2003). For part having more complex shape, isothermal precision forging
technology is normally used (Weronski and Gontarz, 2003). Hereby,: the product quality can be

adjusted as the requirements. Coarse grain structure occurred in hot forming process is
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principally identified as material defect. This coarse grain structure leads to a strength
deterioration of the produced parts (Shan et al., 1997). It was found that grain size of AlMgSi
alloy was larger after forging when heating time was increased (We;onski and Gontarz, 2003).
However, by higher forging force, grain size became smaller. To obtain a specific microstructure
of the AIMgSi alloy, it is necessary to understand the effects of heating rate, forming temperature
and loading level. For producing part from NAB alloy, there still has been a lack of such
knowledge. The aim of this study was to investigate stress-strain behavior at high temperatures
of a NAB alloy. The deformation temperatures of 825°C, 850°C ar‘nd 900°C were considered.
Note that these deformation temperatures were selected to be z}bove the recrystallization
temperature of the alloy. For the investigated NAB alloy, the melt:ing temperature (Tm) was
1060°C and the recrystallization temperature was assumed to be 0.66Tm or about 707°C. The
compression tests at constant strain rate were carried out for different isothermal temperatures,
The stress-strain responses of the material were characterized. Consequently, the effects of

temperature on the resulted microstructures, grain size and hardness of specimens after hot

deformation were examined.
2.2 NICKEL ALUMINIUM BRONZE

Nickel aluminium bronze (NAB) alloy contain 10%Al, 5%Fe, and 5%Ni as the alloying
elements. It has a density of 7.50g/cc and a magnetic permeability jof 1.5 relative to air. 1t is
widely used as engineering parts, such as various worm-gears, gears, bearings, dies, valves and
propellers, The chemical composition of Nickel aluminium bronze are 78%Cu, 10% to 11.5%Al,

3% to 5%Fe, 3.5Mn max, 3.0% to 5.5% Ni, 0.5%max. This alloy type is fully weldable.

Nickel aluminium bronze alloy are generally two-phase, duplex alloys containing 5% -

10% aluminium as well as additions of iron and nickel for strength. Increasing the aluminium

9




content results in higher strength, which is attributable to a hard—l?ody centered cubic phase
which enhances properties of castings as well as hot working in wrought alloys. The other
alloying elements also improve properties and alter microstructure. Specifically, Nickel improves
corrosion resistance. While iron acts as a grain refiner and increases tensile strength. Nickel also
raises yield strength and both nickel and manganese acts as microstructure stabilizer (Duma,

1975)

Nickel aluminium bronze are metallurgically compiex alloys in small variations in composition
can resuit in the development of markedly different microstructures, which can in turn result to
wider variations in seawater corrosion resistance. Those microstructures, which result in

optimum corrosion resistance, are obtained by control of composition land heat treatment.

2.2.1 ALLOY ATTRIBUTES

!

Nickel aluminium bronze alloy has various attributes which consist of their mechanical, thermal

and physical properties which make them suitable for many applications. The alloy attributes are;

1. High hardness and wear resistance, providing excellent bearing properties in arduous
applications. |

2. Ductility, which like that for all copper alloys is not diminished at low temperatures.

3. Good weldability, making fabrication economical.

4. Readily machined, when compared with other high-duty alloys.

5. Low magnetic susceptibility, useful for many special applications.

6. Ready availability, in cast or wrought forms. |

7. High resistance to cavitation erosion.

8. Resistant to scaling up to 1000°CL.,
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9. Good damping properties.

10. Excellent strength, similar to that of low alloy steels.

1. Excellent corrosion resistance, especially in seawater and sh:‘nilar environments, where
the alloys often outperform many stainless steels.

12. Favorable high temperature properties, for short or long term range.

13. Good resistance to fatigue, ensuring a long service life.

14. Good resistance to creep, making the alloys useful at elevated temperatures.

15. Useful thermal conductivity.

16. Good bearing propertics.

17. Oxidation resistance, for exposure at elevated temperatures and in oxidizing
environments,

18. Ease of casting and fabrication, when compared to many jmaterials used for similar
purposes.

19. High resistance to cavitation erosion.
2.2.2 TYPICAL APPLICATIONS OF NAB ALLOY

Nickel aluminium bronze alloy possess many mechanical, thermal and physical properties

suitable for many applications. The applications are;

a. Industrial: corrosion resistant articles, bushings, 'bearings; heat exchanger, flanges,
tanks, structural members, pump shafts, aircraft part, plunger tips, welded piping systems,
gears, pump parts, condenser tube for power stations, valve seats.

b. Marine: propellers, belt, nuts, ship building, marine hardware.

i

¢. Fasteners: stuffing box nuts.

d. Electrical; electrical hardware.

11 i




e. Consumer: musical instruments, piano keys.
f. Building: window hardware.

g. Plumbing: facets
2.2.2.1 Marine Application

The use of certain compositions of Nickel Aluminum Bronze (NAiS) for marine applications
have earned it the nickname ‘propeller bronze’ (Sahoo, 1982). It exhibits a unique combination
of properties including moderate strength and toughness, and excellent fatigue, corrosion,
cavitation, and erosion resistance, which make it an outstanding ohpice of material for use as
naval propellers (Wenschot, Sahoo and Culpan, 1987). These bronzes are Copper based alloys
with additions of Aluminum, Nickel, Iron, and Manganese. The specification ASTM B 148-78
designation C95800 prescribes the nominal values for each of the alloy additions. Table I lists
the nominal weight percentages of the alloying agents within propeller bronze as well as

acceptable limits

Elament Cu Al i Fa M C Bl Ph
Min -Max | (minj79.0 |8.5-9.5, 4050 | 35-45 | 0.8-15| 0.10max) | 0.03max)
Nominal 8 | 9 8§ 4 1]

Table 1. Composition Data (wt%) for NAB. (ASTM B 148-78).

The problems associated with the use of this material often arise diuring manufacture, During
fabrication, the ship propellers are cast in very large molds. The maslsively thick sections within
the casting can take asllong as a week to cool to ambient temperature. This corresponds to a very
slow cooling rate on the order of 3 10 C s — ° for the thicker sections (Ohishi and McNelley,

2005). This slow cooling rate results in very coarse grains which confer poorer material
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properties (Sahoo et al., 1979). On the other hand, the thinner scctions of the casting experience a
faster cooling rate (Wenschot, 1987). Due to the wide variation of cooling rates in the various
thicknesses, the NAB microstructure sometimes exhibits segregation and gas evolution, resulting
in porosity (Wenschot, 1987). This porosity creates additional difficulties in the fabrication
process requiring fusion welding to fill in the pores, x-ray or ultrason:ic inspection, grinding, and
possible re-welding. This porosity repair can result in a repetitive ci:ycle of repairs which can
create propeller post-cast processing times up to 18 months. FSP is intended to replace the fusion
weld repair cycle during the post-cast process. FSP can be used to selectively treat specific
regions of the propeller’s surface or the entire cast structure. FSP willisurface harden the material

and close any porosity defects near the surface layer of the propeller. -

Figure 3. FSP Area Processing of a Marine Propellet, (Mahoney et al., 2003).
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2.23 NICKEL ALUMINUM BRONZE ALLOY PHASES

FSP involves high temperatures, strains and strain rates, as well as a range of cooling rates.
These parameters affect the microstructure of NAB and are responsible for its increase in
material properties. There are four main phases that can form during the transformation of NAB
and these transformation products greatly affect the material properties of the resulting

microstructure {Ohishi and McNelley, 2005)

2.2.3.1 Beta (B) and Retained-Beta (p’) Phases

The 8 phase is a high temperature solid solution phase of NAB, It is generated during the hot
working process in FSP where temperatures exceed 1000°C. The B structure is BCC at high
temperatures with a lattice parameter of 0,3568 nm (Hassan et al., 1982). This phase is not stable
at ambient temperature; therefore, it must transform into various proLlucts as it cools. A variety
of transformation products form as a function of cooling rate. Figure 4 outlines the

transformations that result during cooling of NAB.
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Figure 4. Transformation Products of NAB during Cooling, (Fuller 2006).

The left side of the figure is for equilibrium cooling, the same cooling which propeller castings
are likely to encounter. The very slow cooling rate results in virtually all of the B transforming
into alpha (o) and kappa () products (Culpan and Rose, 1978). FSP r¢sults in considerably faster
cooling rates and the material response is outlined in the right hand side of the Figure 4.
Depending of the peak temperature attained in the FSP process, the :microstructure will resolve
into more complex component mixtures that include primary o and P transformation products.
The latter structure includes o in a Widmanstatten morphology, P in coarser to finer bainite
structures, or martensitic beta (B°) (Culpan and Hassan, 1982). A high density of precipitates

form throughout the B on cooling, acting as nucleation sites for the formation of primary e The
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p composition varies throughout the structure depending on the amount of alloying elements that
are consumed while forming other phases or particles. In the optical micrographs included in this

report, the dark etched constituent represents the various forms of .

2.2.3.2 Alpha (o) phase

The o phase is the terminal solid solution constituent of NAB. The ﬁ structure is FCC at room
temperatures with a lattice parameter of 0.364 nm (Hassan ct. al., 1982), It is usually the first
constituent to form upon cooling of f. The temperature at which a forms is dependent on
composition (Culpan and Rose, 1978). The composition of the « phase varies during the cooling
process as elements are transferred at the o / B interfaces and from within B to form additional

phases.
2.2.3.3 Kappa phases (x)

There are four distinet x phases which form during the cooling of NAB. They form as a result of
the decreasing solubility of iron, aluminum, and nickel during the cooling process (Culpan and
Hassan, 1982). They are all stable at ambient temperatures. The ﬁrstj;kappa phase (i) is usually
found in NAB compositions wherein the iron content is greater than 5%, and i may begin
forming in the melt (Hassan 1982). Tt is generally surrounded by the o phase. The «; precipitates
are mostly iron rich (FeAl, FesAl) and surround small copper rich particles. Its crystal structure
varies between BCC, DO3, and B2 (Hassan 1982). When present, ;i exhibits a large rosette
shape, 20-50 microns in diameter, and will etch grey in a micrograph, This phase is not likely to
be encountered in the NAB alloy which this report considers. The Ki:i phase is iron rich (FesAl)

and has a DO3 lattice structure (Hassan 1982). These particles begin to nucleate in the } near o/

P interfaces. These particles are usually between 5-10 microns in diameter (Hassan 1982). These
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particles tend to form at the same temperature as Widmanstatten u.l The ki phase is the only
phase that is nickel rich (NiAl). It has a B2 lattice structure (Hassan 1982). This phase forms
upon cooling below 800°C. The NAB alloys with the highest nickel ‘concentration tend to form
the most xiii. This phase can take on a globular or lamellar form, but maybe difficult to observe in
micrographs since some etching solutions preferentially attack this structure. The fourth kappa
phase (iiy ) has an inter-atom spacing and lattice structure similar to xii . These particles are
found distributed throughout the o grains, except in a precipitate free éone surrounding primary o
grains. The nominal compositions of all the phases found in NAB aftgr equilibrium cooling are
listed in Table 2. Figure 5 is a micrograph showing a and « transformation products of B during

equilibrium cooling of cast NAB material.

| s'k‘l\,!x!art; - ﬁ"'?i 1 ﬂ* X5 " 17 ] il
l.’dli;?;ts'ﬁ | hfa: a7 - &5 [ 1.5 1
Kappa | &4 VT3 3 GG Py
Kappatt | 93 | 22 66 | 5 19

---;H;I’l|!!1|mil. Tit [ b 3 XA i 1.0
Hs’upp# [”\" 7 2 lS'EP B tL-l | i f:'-iﬁ o 2.1

Table 2. Compositions of Phases Present in NAB, In Weight Percent, From (Hassan 1982).
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Figure 5. Equilibrium Transformation Products of Cooled Cast NAB, (Fuller, 2006).
2.2.4 NICKEL ALUMINUM BRONZE MICROSTRUCTURE

The above phases contribute to the formation of four primary microstructures associated with
FSP of NAB material. The microstructures within and surrounding the stir zone are: a) lamellar,

b) fine grain, ¢) Widmanstatten, and d) as-cast. Figure 6 is a composition of micrographs that

show the three unique types of microstructures encountered in FSP (a-c) as well as a comparison

(d) microstructure of as-cast NAB material.

v{n 7Y LI3RARY
UNT AT UNIVERSITY
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Figure 6. Microstructures created in NAB by FSP, (Fuller, 2006).

2.3 MECHANICAL PROPERTIES |

The mechanical properties are about the behavior of materials:when subjected to forces.
When a material is subjected to external forces, the internal forces ;arc set up in the materials
which oppose the external forces. The material can be considered to be rather like a spring.
Spring, when stretched by external forces, sets up internal opposite forces which are readily
apparent when the spring is released and the force is to contract. A mgterial subjected to external

forces which stretch said to be in tensile force. A material subject to force which squeezes is

referred to as compressive force.
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2.3.1 Tensile Strength and T'ensile Stress

Perhaps the most natural test of a material’s mechanical properties is the tension test, in
which a strip or cylinder of the material, having length L, and cross-seictional area A, is anchored
at one end and subjected to an axial load P — a load acting along the sﬁecimen’s long axis — at the
other. As the load is increased gradually, the axial deflection & of the loaded end
will increase also. Eventually the test specimen breaks or does something else catastrophic, often
fracturing suddenly into two or more pieces. As engineers, we naturally want to understand such

|
matters as how 06 is related to P, and what ultimate fracture load we ;nigllt expect in a specimen

of different size than the original one. As materials technologists, we wish to understand how
|

these relationships are influenced by the constitution and microstructure of the material.

When reporting the strength of materials loaded in tension, it is customary to account for

the effect of area by dividing the breaking load by the cross-sectional area:

, |

where or is the ultimate tensile stress, often abbreviated as UTS, Pf is the load at fracture, and

Ay is the original cross-sectional area.

2.3.2 Compression test
!

The above discussion is concerned primarily with simple tehsion, i.e. uniaxial loading
that increases the interatomic spacing. However, as long as the 'lal)ads are sufficiently small
(stresses less than the proportional limit), in many materials the relétions outlined above apply
equally well if loads are placed so as to put the specimen in compression rather than tension. The

expression for deformation and a given load,
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It applies just as in tension, with negative values for 8 and P indicating compression. Further, the
modulus E is the same in tension and compression to a good approximation. The stress-strain

curve simply extends as a straight line into the third quadrant as shown in Figure 7.

[oursion

- ¥

Cormpression

Figure 7. Stress-strain curve in tension and compression.

There are some practical difficulties in performing stress-strain tests in compression. If
excessively large loads are mistakenly applied in a tensile test, perhaps by wrong settings on the

testing machine, the specimen simply breaks and the test must be repe'ated with a new specimen.
2.4 MECHANICAL PROPERTIES OF NICKEL ALUMINUM BRONZE ALLOY

Returning to the myth of NAB being weak: the tensile and yield strengths are shown
graphically in Figure 8. This illusirates several points clearly. First, the difference between
“bronze” and NAB is significant and shows the association with bronze can damage the
reputation of NAB. The yield strength of NAB is over double that; of bronze (also known as

gunmetal or valve bronze)
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Figure 8. Mechanical properties of selected alloys (ASME B16.24-2006)

Second, perhaps more surprisingly, NAB’s mechanical properties are better than those of Ni-
Cu alloy. While there are high strength Ni-Cu wrought alloys sfrlch as K-500, the common
cast alloys do not perform so well, as is illustrated (ASME B16.:24-2006). Additionally, the
common carbon and stainless steels fnateria]s do not differ siéniﬁcantly as far as these
properties are concerned. The duplex and super-duplex materials are the only ones to
significantly exceed the mechanical properties of NAB. Even the commonly used grades of
titanium have an infetior performance to NAB. Although the ducti;ility of NAB is not as high
as most of the materials compared, it matches titanium and, with a: 15% elongation, cannot be
considered brittle (Blake, 2001). |

For valves, the mechanical properties by themselves are not a determining factor. Variety is
reduced and standardization is greatly assisted by adopting a philosophy of a standard set of

dimensions with a pressure-temperature rating dependent on thejmaterial. This is based on

material mechanical properties taking account of the performance at varying temperatures.

t
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So when comparing materials, it is the pressure temperature rating that should be compared.

Figure 9 shows the cold working pressure (CWP) for the various materials. The comparison

is not straightforward because the bronze and cast iron figures relate only to flat-face flanges
|

and all the other dimensions relate to the ANSI B16.5 raised face dimensions. Additionally,

in the absence of appropriate standards, the NAB and titanium ratings have been specially

calculated.
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Figure 9. Comparative pressure - temperature ratings (ASTM B148-97(2003)

2.4.1 Tensile strength

Some aluminium bronzes exhibit strengths comparable to low alloy steels and many are stronger

than most stainless steels. Furthermore, the alloys retain a substantial proportion of their strength
at elevated temperatures, and at low temperatures, they gain strength slightly while retaining

ductility. Shear strength can be estimated as being two-thirds of the tensile strength.
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2.4.2. Yield (Proof) Strength

Yield (proof) strength is a more useful property than tensile strength since it is a measure of the
stress needed to cause a measurable permanent (non-elastic) deformation, i.e. far lower than the
stress needed to cause failure. However, yield strength is not quite so easy to measure as is
tensile strength in this case because, unlike steels, copper alloys do not show a sudden “yield”

deformation is increased past a critical value, so “proof strength” is a more appropriate term,

2.4.3. Hardness

The hardness of aluminium bronzes increases with aluminium (and other alloys) content as well
as with stresses caused through cold working. Some manganese and manganese nickel-
aluminium bronzes exhibit martensitic transformations similar to those seen in steels, but while

those reactions produce higher mechanical properties, they are not generally thought of as

primary strengthening mechanism.

2.4.4. Ductility

Most aluminium bronzes show ample ductility to provide adequate service life and to resist
|
fatigue. Again, values attainable vary with alloy content and amount of prior cold work.

Elongation figures decrease as the alloys get harder.

2.4.5. Wear resistance

From the standpoint of wear resistance, aluminium bronzes often provide excellent service in
both cast and wrought forms. Metal-sprayed or welded overlay deposits of aluminium bronze on
steel also provide effective wear-resistant surfaces.at the high end- of the wear and abrasion

resistance spectrum are special aluminium bronze alloys containing up to 14% aluminium,
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whose applications include dies for deep drawing and moulds for die casting, casting of glass
bottles and pressing vinyl records. Such alloys are quite brittle and are exclusively used as

overlays.
2.4.6. Shock resistance

Aluminium bronze alloys, and in particular the wrought products have excellent resistance to
I
shock provided, as always, that the material is sound and undue stress concentrations are avoided

in design.
2.4.7. Fatigue strength

Aluminium bronzes possess exceptional resistance to fatigue, which is one of the most common
cause of deterioration in marine engineering equipment. This property helps to give the alloys
i

their excellent resistance to corrosion fatigue that makes them suitable for use as propellers and

in pumps.
2.4.8. Damping capacity

Aluminium bronzes are twice as effective as steel in their ability to dampen vibrations.

|
2.4.9. Magnetic permeability

Aluminium bronzes can be made with exceptionally low magnetic permeability and are therefore
|

ideal for non-magnetic instrumentation, survey vessels, mine counter-measure craft and other

marine parts where permeability must not exceed 1.05. The magnetic permeability of certain

aluminium bronzes is often less than 1.01, whereas that of austenitic stainless steels can be

higher than this value if excessive ferrite is present.
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2.5. Non-sparking characteristics

Excellent non-spatking characteristics make Aluminium bronzes suitable for the manufacture of
tools and equipment used in the handling of explosives, in mines, petr!oleum and chemical plants,

gas-handling equipment and similar applications.
2.5.1. Corrosion resistance

Aluminium bronzes can be used in environments that are far more aggressive than are tolerated
by most other metals, including even copper and the brasses used for generai purposes. They can
provide heavy-duty service at higher temperatures, in seawater environments and in the presence
of many chemicals and acids. Much useful work has been to characteljize the corrosion resistance

of these alloys so that best use can be made of them.

Like many copper alloys, aluminium bronzes also resist bio-fouling in both fresh and
saline waters. This property is useful in propellers and especially so in seawater piping.

(http://properties.copper.org/)



CHAPTER THREE

3.0 METHODOLOGY
3.1 Materials and Equipment

a. Copper coils

b. Aluminium metal

¢. Nickel metal

d. Weighing balance

e. Crucible furnace

f. Sand mixer

g. Cope and drag

h. Grinding and polishing machine
i. Hack saw

j.  Metallurgical microscope

k. Instron universal tester (S0KN)

1. Digital Rockwell tester |

3.2 ALLOY PREPARATION
!

The preparation of the alloy was carried out in the foundry workshop. The first stage in

the alloy preparation is the sand moulding.

3.2.1. Sand moulding: Sand is used to create the mould. The sand is typically silica sand
mixed with a type of binder to help maintain the shape of the mould ciavity. Typical composition
of the mixture is 90% Silica sand, 3% water, and 7% clay or binder.l The pattern is placed with
the parting surface downward on the moulding board. The pattern is checked to see if the draft is
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pointing upward, so that when the flask is turned, the pattern may be removed easily from the
mould. The flask level is filled with unriddled, tempered sand from the floor which is then
rammed uniformly around the outer edge of the flask, A gate is cut with a gate cutter from the

mould cavity to the sprue hole. The cross-sectional area of the gate should be less than that of the

sprue in order to flow clean metal into the mould.

The cope was carefully placed on the drag making sure that they are aligned properly.

The molten metal can then be poured. \

j

Figure 10. Sand mould box used for casting

3.2.2. Melting: Melting is basically a process of converting a metallic substance (the

alloying elements) from its solid state into liquid state by heating them together above their
‘r
melting point in the crucible furnace. ‘
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A crucible furnace is used in melting non-ferrous metals such as aluminium, brass,
bronze, tin, lead and zinc. The process started with preparation of the charge containing required
quantities of different elements (Cu, Ni, Al). The copper coils were charged in a crucible and

melted in the furnace, The melt surface was covered with flux and the other alloying elements

f
|

will be added to the melt (maintained at 1170°C) gradually., ‘

Care was taken to add the lower melting elements like Al at latter stages of melting with
a view to reduce losses through vaporization. The melt was stitred manually for some time to
facilitate dissolution of the alloying elements. After cleaning the melt surface, pouring was

carried out in moulds in the form of 20mm diameter, 200mm long cyljndrical rods.

Figure 11. Crucible furnace during melting pro?ess.

3.2.3. Solidification of the alloy: after the melt is poured into the mould, various events
occur during solidification and cooling to room temperature. These e\:fents have a great influence
on the shape, size, uniformity and chemical composition of the grain developed throughout the

casting, which in turn has a great influence on the overall propertics. The crucial factors
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affecting these events are type of metal, thermal properties of bbth metal and mould, the

geometric relationship between the area and volume of the casting and the shape of the mould.

Figure 12. Produced alloy after melting and pouring.
|

3.2.4. Finishing process: The cast metal was then removed from the metal mould and

placed in four different cooling media. The cooling media that were made use of include;

1. Natural/Ambient atmosphere (AIR)
2. Artificial atmosphere (FAN)
3. Spent engine oil

4. TIce block

After the cooling process, the projections left on the casting were removed with the use of a
grinder, and also small sections were cut for both microstructural analysis and hardness

testing,
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Figure 14. NAB alloy cooling in artificial

atmosphere (fan)

Figure 15. NAB alloy cooling in Figure 16. NAB alloy cooling in ice block

spent engine oil.
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3.3 MICROSTRUCTURAL EXAMINATION

After the cooled NAB samples have been subjected to cooling in different media,
microstructural examination is carried out on the samples using the optical microscope to

analyze the microstructures of the developed alloy. The stages in the microstructural examination

are,

3.3.1. Specimen preparation: The sample was cut into small sections which can easily

be held in the hand. The specimen was obtained by cutting with a hacksaw or power saw,

3.3.2. Grinding and Polishing: Grinding involves preparation of the samples for
microstructural analysis by making the surface scratch-free. The grinding was then carried out
by holding the samples firmly against a motor-driven emery paper. The emery papers used were

from a range of coarse grades to successively finer grades.

During grinding, flushing water was directed across the surface of the grinding papers

which therefore served as a coolant.

The next stage of preparation (polishing) completely removed all the fine scratches and
made the surface smooth and mirror-like. Polishing was carried out on a rotating cloth pad
impregnated with a polishing medium (diamond paste). Then, the; specimen was thoroughly

washed in warm water.
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Figure 17. Grinding machine Figure 18; Polishing machine

Figure 19. Polished sample

3.3.3. Etching: The polishing process, even if carefully carried out may leave a flawed
layer on the surface of the specimen, which may have the etfect of cpvering very fine cracks or

included particles. Etching will remove this thin layer.

!
Etching was carried out by immersing the specimen in a suitable chemical reagent. The

specimen was chemically etched by making use of swabbing technique. The etching reagent
gradually dissolves the surface layer of the specimen and preferentially attacks the grain

boundaries. The etchant used was acidified ferric chloride with HCI ar}d water.
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3.3.4. Microscopic analysis: The microscopic analysis was carried out with the aid of a
computerized optical microscope attached with a digital photographic and data storage and

retrieval system. Microscopic examination will reveal the microstructure of the alloy as well as

the incidence of any porosity or cracks. r

Figure 20. Optical metallurgical microscope
3.4 HARDNESS TEST

Hardness tests measure the resistance to penetration of the surface of a material by a hard
abject. The depth of penetration is measured by the testing machine. For the hardness test to be
carried out successfully, the samples were grinded to a flat surface with the aid of a grinding

machine. |

The hardness tests were carried out on a digital Rockwell tester by applying a force of

60kgf (about 588N).
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3.5 TENSILE TEST

The various NAB alloy samples were taken to the machining workshop, where it was cut

and machined into the required specifications for tensile test analysis. .

The equipment made use of was the Instron Universal Tester with a maximum load

capacity of 50KN, which has a computerized interface.

The samples were put into the jaws of the tensile testing machine, and then it was stretched and

stretched until it reached its breaking point (i.e it fractured). 1

Figure 22. Instron Universal tester

(50KN) equipped with tensile jaws
|
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Figure 23. Dimensions of machined NAB sample
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CHAPTER FOUR
4.0 EXPERIMENTAL RESULT AND DISCUSSION

4.1 CASTING

Sand casting was selected as the best means of casting NAB alloy based on its low cost,

flexibility and availability of materials. The composition of the alloy (obtained by Spark test) is

shown in the table below.

%C Y% Si %Mn %P %S %Cr %Ni %Sb
>0.0072 | 0.123 0.022 0.0077 0.10 0.0021 1.50 0.130
%Al %Cu %Co %Ti YeAu %B | % As Y% Pb
>6.32 87.9 0.022 0.0030 0.018 0.0005 <0.025 0.416
% Mg %B YoSn YoZn YoAs %Bi %Cd % Zr
0.0036 <0.0005 | 0.017 0.092 0.025 <0.0015 | <0.0011 | 0.0000
%oln %Fe

<0.0035 | 4.77

Table 3. Chemical composition of Nickel Aluminium Bronze (NAB) alloy after casting (wi%)
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4.2, HARDNESS |

The hardness result of the samples is plotted in a bar chatt as a function of the cooled (air,
fan, oil, ice) samples. The air-cooled sample has the lowest hardniess compared to the other
samples cooled in different mediums. The artificially cooled sample (i.e. with the use of a fan)

attained the highest hardness.

The hardness of the samples was taken at different points on the samples and the average was
|

taken and recorded.

COOLED SAMPLES HARDNESS (HRA)
A B C | AVRG

AIR 857 | 859 | 844 | 85.3

FAN 87.7 | 86.7 | 87.1 s7t.2

ICE BLOCK 84.0 | 86.1 | 876 [ 859

SPENT OIL 86.3 | 843 | 86.5 85;.7

Table 4. Hardness of the cooled NAB alloys
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Figure 24. Typical mechanical (hardness) property of the cooled NAB samples.
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4.3. TENSILE STRENGTH

The tensile strength values was determined from the stress-strain curve generated by the

Instron universal tester. '

The tensile strengths of the samples is ploited in a bar chart as a function of the cooled (air, fan,
1

oil, ice) samples. The ice-cooled sample has the lowest hardness compared to the other samples

cooled in different mediums. The sample cooled in spent engine oil attained the highest tensile

strength.

TENSILE STRENGTH (MPa)

300
250
200
150

100

TENSILE STRENGTH

50

FAN o ICE
COOLED SAMPLES

Figure 25. Typical mechanical (tensile strength) property of the cooled NAB samples.

i
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4.4. MICROSTRUCTURE OF NICKEL ALUMINIUM BRONZE ALLOY

Plate 1: Microstructure of as-cast Nickel Aluminium Bronze (NAB) showing dendritic structure

and different microstructures {primary a, eutectoid &+ y2 and Fe confaining phases}. Eichant

used — acidified fertic chloride with Hel and water.

Plate 2: Microstructure of Nickel Aluminium Bronze (NAB) cooled With fan showing Fe rich
phase with NiAl precipitates (tempered martensite). Ftchant used — acidified ferric chloride with

Hecl and water.

39




Plate 3: Microstructure of Nickel Aluminium Bronze (NAB) cooled with ice block showing

precipitates of « phases and o phases. Etchant used — acidified ferric chloride with Hel and water.

Plate 4: Microstructure of Nickel Aluminium Bronze (NAB) cooled in spent engine oil showing

limited quantity of the eutectoid and primary o phase. Etchant used — acidified ferric chloride

with Hel and water,
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4.5. DISCUSSIONS OF THE MICROSTRUCTURES
4,5.1 Microstructure of as-cast (air-sample) Nickel Aluminium Bronze alloy produced

The as-cast microstructure consists of copper-rich a phase, martensitic B’ and « phases
based on FezAl. The precipitates have a dendritic morphology and are cored, the composition

ranges from iron-rich solid solution to FezAl,

The mode of distribution of different phases in the material system is shown. Needle like
martensite and dark round particles may be seen. Other microconstituents like primary «

surrounded by eutectoid (a + NizAl) along with Fe-rich phase, !

4.5.2 Microstructure of artificially cooled (fan} NAB alloy produced

There is formation of fine Fe rich phase within the grains. However, during the cooling
process, some of the high temperature B’ was retained as a martensitic structure and the
martensite was then transformed into a very fine structure of & and « phases, with NiAl

precipitates, referred to as tempered martensite.
4.5.3. Microstructure of ice-cooled NAB alloy produced

There is transformation of f martensite into & and fine « phases. Ii leads to the
precipitation of a further x phase which differs in chemical composition and morphology to those

present in as-cast structure.
4.5.4. Microstructure of oil-cooled NAB alloy produced

This consists of &, B and k phases. Martensite transformation oécurred on B phase during

cooling and the volume fraction of B’ increased due to the dissolution of & and « phases.

41




CHAPTER FIVE
5.0. CONCLUSION AND RECOMMENDATION |
5.1, CONCLUSION

This chapter presents conclusions arrived at based on the results obtained and
observations made in this study. The conclusions relate to the microstructural alterations brought
about by cooling in different media (air, fan, ice block, spent oil) and corresponding changes in
mechanical properties such as hardness, tensile strength. The conclusions drawn from this study

are listed below

1. The alloy displayed primary a, eutectoid a +y2 as well as retained B’ and martensite. The
various cooling rates led to microstructural homogenization through the disappearance of
the as-cast structure depending on the type of cooling medium employed.

2. Hardness of the samples improved after cooling in different media compared to the one in
as-cast condition. The artificially cooled sample (with the use of a fan) attained the
highest hardness amongst all, while the air-cooled sample attained the lowest hardness.
The sample cooled with ice block has the second highest hardness.

3. The sample having the highest tensile strength is the sample cc;oled in spent engine oil.

4. The study suggests the microstructural features, hardness and tensile strength were
affected by the rate of cooling. The cooling in various media (air, fan, ice, spent oil) also

affected the characteristics of the sample to a considerable extent.
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5.2, RECOMMENDATIONS
The following recommendations were suggested during the course of fhis project:

1. More facilities for research should be procured and installed in the departmental
laboratory.

2. The effects of different alloying elements on Nickel Aluminium Bronze (NAB) alloy
should be studied.

3. Deep investigations should be carried out in order to know the necessary steps to take to

achieve the aim of the study.
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