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Abstract

Cu-Ni-Al alloys at different concentrations were obtained using a high fre-
quency induction melting unit, keeping a balance in the nominal composi-
tions. Light alloys are important to be used in industrial applications. Alumi-
num additions result in a positive hardness increment of the ternary alloys in
comparison with the binary Cu-Ni alloys. Generalized wear mechanisms of
the alloys with low aluminum content are basically type abrasive, while sam-
ples with 5 and 10 at.% Al present an oxidative-adhesive wear mechanism.
Wear results have indicated that aluminum addition affects positively the wear
resistance, mainly in samples with high aluminum content product of the crea-
tion during the test of different oxides corresponding to the elements present
in the alloys.
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1. Introduction

Strengthened alloys with enhanced mechanical and physical properties for spe-
cific applications are required for energy generation; copper-nickel based alloys
may satisfy this requirement. Copper based alloys can be alloyed with a wide
range of metals [1]; for this reason, they are considered as important alloys for
applications in different specialized areas. It is well known that binary alloys may
present some mechanical limitations; then it is necessary to introduce a third
element; in this manner, many authors [2] [3] have developed investigations and
reported the elements addition effect in the binary copper-nickel system, inves-
tigating their effect on the mechanical-microstructural behavior [4] [5] [6]. In

copper-nickel alloys, ductility is attributed principally to the presence of differ-
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ent copper phases [7] [8] [9], so that main applications are developed in me-
chanical assemblies, heat exchangers and intercoolers, among others.

On the other hand, nickel has been industrially used mainly to improve me-
chanical properties in nickel based super-alloys, and also extensive research has
been developed related with its corrosion resistance in several environments
[10]-[16]. Density in structural materials always has been an important factor to
be taken into account for design and fabrication of different components. In this
direction, it has been reported that Cu-Ni binary alloys present some limitations
due to its relative high density [17]; therefore, aluminum addition may be an op-
tion to obtain improved mechanical and physical properties. Therefore, the pur-
pose of this work is to generate the knowledge about the influence of the alumi-
num addition on the mechanical properties of the Cu-Ni and Cu-Ni-Al taking in

consideration a substitutional mechanism.

2. Experimental Procedure

The alloys were obtained using high purity elements (99.99%) melted directly in
a quartz crucible, using an induction power unit under vacuum atmosphere
(107 torrs). Table 1 presents the alloy designation taking in consideration the
nominal compositions. Samples were heated up to 600°C and then water quenched,
after that, annealing heat treatment was performed at 300°C for 180 minutes;
metallographic polishing was developed by polishing the surface with paer grinding
up to 1200 grade, after that, samples were polished using diamond paste 0.3 pm
and resultant samples were etched (immersed 15 s) with 5 g Fe (NO;);, 25 ml
HCI and 70 ml of deionized water. Wear specimens were cut from bars, with a
dimension of 5 x 5 x 15 mm.

Hardness measurements were carried out in a Microhardness tester LECO
LM300AT, with 0.2 kg load and 15 s holding time. A conventional pin-on disk
wear system was employed to evaluate the wear behavior of the pin samples at
constant disk rotation of 200 rpm. The pin samples were worn against AISI 410
martensitic stainless steel as counterpart with a hardness of 45 HRC. The applied
normal loads over the pin samples were 2.4 and 4.8 N. The resultant worn sur-
faces of the specimens were observed in a scanning electron microscope (SEM)
equipped with an energy dispersive spectroscopy (EDS) system for determina-

tion of the oxygen percentages on the worn surfaces. Wear evaluations were

Table 1. Alloy designation taking in consideration the nominal compositions for the
Cu-Ni-Al alloys and hardness values.

Nominal Composition [at. %] Hardness
Alloy Designation )
Cu Ni Al [kg/mm?]

AB (binary alloy) 90 10 -- 52+8
AT5 75 20 5 250+ 10

AT10 70 20 10 360 £5
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carried out under zero lubrication.

3. Results and Discussions

Microstructure

In Figure 1, it can be observed the microstructure of the sample without alumi-
num addition, where it is observed an orderly growth of grains with an average
grain size of 20 pum, Ze. coarse dendrite grains were developed as a result of con-
tinuous grain growth during solidification [2] also there are the apparition of
precipitates (marked by arrows) distributed in homogeneous way over the entire
surface but preferentially segregated along the grain boundaries, being its aver-
age size of 60 nm. This observed microstructure based in precipitation mechan-
ism is product of the heat treatment applied [4] which was the purpose of the
present work to improve the material performance.

The microstructure of the surface sample with 5 at.% Al is shown in Figure 2,
where can be observed structure changes in comparison with the un alloyed sam-
ple due to the incorporation of the aluminum inner the Cu-Al structure which
possesses an alpha face-centered cubic crystal structure [2], developing mostly
equiaxed grains. It is important to note that precipitates are present preferen-
tially in the grain boundaries, surrounding the dendritic structure, this fact it is
important to be considered since this precipitation inhibit the dendritic growth.
The composition of the observed precipitates is basically copper in major pro-
portion with less nickel amount as can be observed in Figure 3.

Figure 3 shows the microstructure of sample with 10 at.% Al, where it is ob-
served an a-phase dendritic morphology with eutectic structure in Cu-Ni ma-
trix. Moderate precipitation is observed in this sample as was expected due to
the aging treatment, inset in figure are the qualitative microanalyses in matrix as

well in dendritic zones, it can be seen that the major nickel concentration is in

Figure 1. Microstructure of sample without aluminum additions, showing with arrows
the presence of small precipitates nucleated during solidification.
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40 pm
P

Figure 2. Microstructure of sample with 5 at.% aluminum additions, showing a dendritic
structure with precipitates along the interdendritic regions.

O Al Ni Cu

O Al Ni Cu

Figure 3. Microstructure of sample with 10 at.% aluminum additions, showing precipi-
tates covering the full surface, qualitative microanalyses shown the chemical composition
in both zones.

the inter-dendritic zone while a copper rich zone corresponds to the dendritic
zone, these results suggest that the observed precipitates found around of den-

dritic zones are mainly nickel based precipitates [4].

4. Mechanical characterization
4.1. Hardness Test
Because the hardness of a material can be correlated with its wear resistance due

to several factors, then, it is important to evaluate the intrinsic hardness of the

material to know the probable operating |wear mechanism. In Table 1, it is pre-
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sented the hardness values for the tested samples with different aluminum addi-
tion, namely 0, 5 and 10 at. % Al, where it is noticeable for samples without alu-
minum addition (AB), the hardness obtained is lower in comparison with the
hardness of the ternary AT5 alloy in approximately five times which gets a
hardness value of 260 kg/mm?, while sample AT10 alloy increases its resistance
value in approximately 350 kg/mm? Analyzing the aluminum addition effect, it
is observed that binary alloy AB present the lower value in comparison with al-
loyed samples ie. AT5 and AT10 present a noticeable hardness increment, this
effect it is attributed (from a crystallographic point of view) to the lattice distor-
tion by the incorporation of aluminum atoms, therefore low plastic deformation
is reached when dislocation movement is partially inhibited by the existence of
obstacles ( misalignments planes) in the lattice, therefore a hardening effect is
generated in the alloys. Similar statement has been established in Cu-Ni-Si alloys

with a similar condition [8].

4.2. Wear Behavior

In Figure 4, it is presented the curves of the weight losses against sliding dis-
tance for the binary sample without heat treatment with a 2.4 N load. It is ob-
served that for the first 800 meters there are no considerable weight losses for the
alloyed samples, after this distance it is observed that sample with 5 at.% Al
gradually lose weight until the test is over, while an abrupt mass detachment in
sample with 10 at.% Al is observed at the same distance, presumably generated
for the accumulation of aluminum oxides on the worn surface that were de-
picted after a saturation of these oxides, but a new oxide layer is created imme-
diately on the surface in contact, thus it is observed that the operative wear me-

chanism for these samples is adhesive-oxidative. On the other hand unalloyed
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Figure 4. Plot of the weight losses versus sliding distance for samples with 2.4 N load.
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sample presents a high wear losses regime observed after two hundred meters
without the apparent oxide layer formation, This phenomena (increment of the
slope) occurs due to the sudden depletion of the oxide layer formed due to the
local heating between surface for this alloy the operative wear mechanism is ab-
rasive type.

In Figure 5, it is observed the plot with the wear curves of samples with 4.8 N
load, it is notorious that sample with 5 at.% Al presents a constant behavior
without apparent weigh losses during the first five hundred meters followed by a
slightly weight loose to later form a plateau, in this zone it is generated a oxide
layer between surfaces in contact inhibiting the weight losses, after that the oxide
layer thickness increases and it is detached spontaneously, then, the wear process
start again. If the conditions or parameters remain constant, the process can by
cyclic until the test is finished this occurs due to the influence of the aluminum
that react with the oxygen present in the atmosphere and the elevated tempera-
ture generated by the friction during the test. The operating mechanism for this
worn sample is totally of oxidative-adhesive. For the case of sample with 10
at.%Al, it is observed that the weight losses is gradual as the sliding distance in-
creases, starting after the two hundred meters, perhaps due to the constant oxide
formation between the surface sample and the counterpart, thus the oxide created
acts as a lubricant but without enough adhesion on both surfaces, this result in-
dicates that the operating mechanism is exclusively oxidative. On the other hand
the wear curve for the unalloyed sample describes an exponential behavior which
means an accelerated weight loss regime as is observed in the plot, in this case
the sample it is worn without the plateau formation because there are no the
conditions to create a protective oxide layer due to the precipitates on the sur-

face sample that are detached and work in the system as abrasive particles.
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Figure 5. Plot of the weight losses versus sliding distance for samples with 4.8 N load.
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Specifically for the AT5 curve which is not smooth those of AB and AT10 the
interaction of the debris detached that acts as abrasive particle, then the sudden
weight losses happen along the test in a no localized way, that means that the
weight losses happen in generalized way, probably due to the scratches produced
for the relative movement between the sample and the counterpart. The high
values of weight losses observed in the plot, indicate an operating wear mechan-
ism abrasive type.

In Figures 6-8 are shown the SEM micrographs of wear tracks in surface
samples with 0, 5, 10 at.% Al respectively after the test. In Figure 6 can be ob-
served the worn surface of the unalloyed sample, the total surface area is covered
with scratches and grooves, product of the detached particles mainly from the
surface sample against the counterpart, since the hardness of the counterpart is
five times higher in comparison with this sample plus the effect of the applied
load produced a catastrophic surface damage. Therefore, in these surfaces where
there are no enough time and temperature to develop an oxide layer between the
contact surfaces due to the constant detachment of sharp debris, being the oper-

ative wear mechanism is totally abrasive.

Ty BT e 00 Magr ROGKE  Fie e 520G CITCAp
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Figure 6. SEM image of the worn surface from sample with 0 at.% Al

Figure 7. SEM image of the worn surface from sample with 5 at.% Al
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Figure 7 shows the worn surface of the sample with 5 at. % Al, where it is ob-
served a generalized oxidized surface with few scratches along the sliding sur-
face. Oxides generation by heating can be produced via higher friction rates due
to the constant contact-movement between pin and counterpart, thereby as a
result of such interaction, an oxidation reaction is developed with the presence
of continuous oxide layer, then, the operating wear mechanism for this sample is
oxidative-adhesive type.

In Figure 8 is observed that surface sample with 10 at. % Al, few oxidation
areas were detected generated by this friction phenomenon, which is attributed
to the relative movement and the hardness difference between the counterpart
(AISI-410) and the tested sample. In general, the oxide film has been principally
formed on the worn surface sample; in this case, wear surface tracks that come
from detached debris, are relatively low. In some areas of the wear surface, the
produced layer presents micro cracks produced due to the internal stresses as
consequence of the high regime of continuous contact, so that detachment of
abrasive particles is produced [10] [11]; this fact, in some periods of sliding dis-
tance, tend to decrease the formation of the protective oxide layer, suggesting
that the contact between the surfaces may generate a moderate friction rate.
Thus the operating wear mechanism is a mixed mode between oxidative and ab-

rasive.

4.2.1. Wear Factor Analysis

The calculation of the wear factor in worn samples under different conditions is
an important issue to be analyzed to determine the relationship between the
material detached from the surface sample in a specific distance or in a given
time, taking in consideration tribological parameters such as: applied load, speed
rotation of counterpart and lubrication. In Figure 9 are observed the results ob-
tained from the calculation of the wear factor from the wear curves formerly de-
scribed. The plot shows the wear factor values for samples worn with a load of

2.4 N, where it is observed that all samples heat treated present the lower value

Figure 8. SEM image of the worn surface from sample with 10 at.% AL
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in their wear factor, that means that heat treatment produces an structural ho-
mogenization in samples and therefore an internal stress relief [18], this fact
produces a decrease the wear factor in approximately 40 percent respect to the
untreated samples.

For the case of samples worn with higher load, namely 4.8 N it is observed in
Figure 10 a noticeable increment in the wear factor value in samples unalloyed

and without heat treatment of at least two times respect with the sample heat
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Wear Factor (g/m)
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AB ABTT AT5 ATS5TT AT10 AT10TT

Alloys

Figure 9. Values of wear factor calculated from curves of the worn samples with 2.4 N
load.
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Figure 10. Values of wear factor calculated from curves of the worn samples with 4.8 N
load.
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treated and at least three times respect with the alloyed samples, this result
represent a considerable improvement in wear resistance of the samples with
aluminum addition, about it, is important to note that samples with 5 and 10
at.% Al, shown similar behavior in their wear factor values, indicating that low
aluminum additions [18] may create also a protect oxide layer that improve the

wear resistance.

5. Conclusion

Copper nickel alloys with aluminum additions were synthetized successfully,
samples were heat treated and dendritic structure was obtained. Hardness evalu-
ation has shown that heat treatment as well as aluminum addition improves
their value approximately two times in comparison with the unalloyed sample.
Wear results showed that improved wear resistance can be attributed to the for-
mation of an oxide layer constituted with copper and aluminum which acts as a
lubricant interphase. In general, results indicated that the alloy with 10 Al at.% is
the most promissory to be used in applications with relative movement such as

steam turbines bearings.
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