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Abstract

A defects evolution below the surface in nickelnaloum bronze CuAl9Ni4Fe4 subjected
to cavitation under mild conditions with times wp8&h was studied using positron annihilation
spectroscopy, mass loss measurements, and scateatigpn and atomic force microscopies. The
obtained results indicate two different stagesanfitation erosion. At the beginning of cavitation
up to 6h in incubation period a removing of residoaghness and surface oxides was noted. Then,
in the maximal erosion rate region, big vacancysteis were recognized and its concentration

drastically increase around 100 times in compangitim incubation period.
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1. Introduction

Cavitation is a dynamic process of the formatiod mmplosion of cavities in fluids caused
by sudden pressure drops. This phenomenon is nmegjrded to be destructive and contributes
to wear and failure of elements in fluid-flow maohks. Cavitation erodes materials by the
following mechanisms: generation of shock wavestdugymmetric bubble implosion which can

result in material fatigue and plastic deformatiand formation of microjets resulting from the



asymmetrical collapse of the vapor bubbles neamtierial surfaces [1, 2]. Due to unique type of
loading, the cavitation erosion resistance of aentdepends on many factors such as materials
properties and its machining methods, the fluigoprties, and the flow field characteristic [2, 3,
4, 5]. On the other hand, cavitation can be used asbsurface modification method, which
improves its fatigue properties and hardness [6T s application of cavitation is mostly related
to ultrasonic cavitation peening. In both processesharacteristic defect profile beneath the
surface is established.

Recently, the wear resistance and degree of damégeroded materials is mostly
determined based on parameters such as cumulatise and volume loss or a mean depth of
cavitation erosion [2, 3, 8]. The typical cavitatierosion-time curve can be subdivided into three
areas: incubation period (IP), acceleration or maxkierosion rate region (MER), and attenuation
stage (AS) [1, 3, 6]. In the first one plastic defations occur in the subsurface region but no
measurable mass loss is observed. Then, the enad®drastically increases in MER and finally
slows down in AS because rough strongly fracturgdase acts as a kind of protective cushion.
Erosion pits are obvious characteristics on théasarand their development can describe the
cavitation erosion process. However, the surfadesabsurface characteristics in different erosion
stages cannot be found from the loss curve. Altermmanethods including the evolution of surface
roughness [3, 4, 8] quantify erosion damage haWelmen scarcely reported.

In the last decades, a positron annihilation spectipy has been attracting increasing
attention in defects subsurface studies. In corapanwith other typical methods used like SEM
or TEM it gives insight on damages below the sanspiéace and makes it possible to observe
defects evolution during cavitation. This methddws studying concentrations and types of open
volume voids in materials, i.e. vacancies and ltsters, dislocations, pores. The successful
application of this method was proven in numerdudies for various processes, such as friction

[9], ion implantation [10], sandblasting [11]. Itag also used to determine defects in mild steel



subjected to cavitation during times up to 40 ndiB][ The results of this work show that vacancy
concentration growth and its agglomeration is olegrwith increasing time of cavitation.
However, the studied cavitation period respondy tmithe incubation of damages and does not
allow to observe defects evolution when erosiortsta

In current studies, we investigate cavitation dgesaafter a different period of treatment
time up to 8h for a nickel aluminum pressurelesdesis bronze commonly used in marine
propellers with nominal composition CuAI9Ni4Fe4.eTimajor aim of studies concentrates on the
determination of damages on surface and also biellmw different erosion stages. The evolution
of the surface topography was studied with a scaepeliectron microscope (SEM) and atomic force
microscope (AFM). The subsurface defects and ipgghdprofile was investigated using positron

lifetime and Doppler broadening of annihilationdispectroscopies.

2. Experiment

For the measurement commercial nickel aluminumes®l bronze with nominal
composition CuAI9Ni4Fe4 was selected. Each of Eipen in form of plates with surface area
1 cm x 1cm and thickness 1 mm was polished to rdaelsurface roughness lower than @i
Then samples were annealed at 8G0for 3h to remove the defects created during sampl
preparation. The annealing was performed in vacL@T orr to avoid expanding of oxides below
the surface. The state of all annealed samples wlegeked before cavitation using positron
lifetime spectroscopy and didn’t shows presencanyf defects. Pairs of samples were subjected
to cavitation with different times periods in eXgi¢the same conditions and two of them were kept
as reference ones. In the positron lifetime measents two samples was used, while for other
measurements only one of this pair of samples withay changes of its surface. One additional
sample was predicted to cumulative mass and cuivellahass rate curve measurements.

Cavitation was done using the ultrasonic genedsiBF93.1 (MEFLFIZ-Ultrazvuk OOO) with



frequency 23 + 1 kHz. Horn diameter was 12 mm dedviorking distance between the horn tip
and the exposed specimen surface was set to 8 tmrchiosen distance correspond, according to
our estimates, to the energy effect per unit afethe propeller and it's much lower than the
standard ASTM G32 predicted for very fast cavitatiests. The specimen was placed 30 mm under
the free liquid level. The treatment temperatures vegual around 23C and controlled using
thermocouple and a pellet control element thatleggs the temperature in the sample bath. During

the treatment temperature changes in range 2&28s noted.

3. Methods
Samples were investigated by atomic force microg@ogemicontact mode and scanning
electron microscopy in secondary electron mode slinace characterization was performed using

Scanning Electron Microscope Tescan Vega3 SBH atwnie Force Microscope AFM/STM

SOLVER Nano (NT-MTD). The roughness characteristics lz" y? , (Where y is the deviations
n=

in the high direction) was calculated using Imagelksis 3.5 and averaged over five random
profiles of sampling length 100um at each test th@ar the central region of the area subjected to
cavitation.

The positron lifetime (LT) measurements were coteliasing digital spectrometer APU-
8702RU and the BakFscintillators with the timing resolution equaledoat 200 ps. The typical
sandwich geometry was used, where the positronceowas located between to identically
prepared samples. The source was built ffFdNa isotope enclosed into thin twopsn thick
titanium foils. Around 15% of all positrons anndie in source with lifetimes 242 ps (97%) and
972 ps (3%). This contribution and background weken into account as adjustable parameters

in the deconvolution procedure. The analysis o€spevas conducted using LT 10.2 program. All



spectra include at least 2>¥ldf counts. Around 63% of all positrons annihilapeto 23um, which
corresponds to the mean positron implantation dapthapproximated studied area.

The Doppler broadening of annihilation line meamerts was performed using the
ORTEC HPGe detector model GEM25P4-70 with energesolution FWHM 1.2keV at 0.511
MeV line. The similar source based &iNa isotope like in positron lifetime measuremenssw
used to determine the damaged zone range. Theimgmérwas performed using a sequential
etching procedure. It means that after each etcstieyg, in which around 5 um of subsurface was
removed, an S parameter beneath the surface whswdh S parameter is defined as ratio of
surface area under the central part of the 511 Iked/to total surface area under this line. Its
changes are linked with the momentum of annihilagéectrons. It increases with defects
concentration but in a non-linear way and also ddp®n the type of defect.

The last used method is based on slow monoenefigstia with positrons energies ranging
up to 35 keV working at JINR in Dubna, Russia. Madien of positron energies emitted from
2?Na isotope gives the ability to study preciselyedts in the most interesting near surface region
up to 1.1 um, where the observed defects can beected with SEM and AFM microscopies
observations. These studies were conducted ussnBdppler broadening of the annihilation line
method.

4. Results and discussion

The observation of surface topography and cumwdatiass loss can describe the cavitation
erosion process. The SEM and AFM images of sangflesdifferent cavitation periods are shown
in Fig. 1, 2 respectively. The size of eroded aféer 8h treatment is shown on a photograph, Fig.
4. In Fig. 1 and 2, small hills in reference sarapan be observed. These surface irregularities are
slowly removed up to 6h treatment and are alsde@lto changes of roughnesg Bresented in
Fig. 4a. R firstly rise with cavitation time for the sampleated 1h and then slowly decreases up

to 6h. Cumulative mass losses present on Fig. diyvrslthat in this stage only small mass losses



are observed which is characteristic for incubapenod. Beginning from treatment time 8 R
drastically increases and a strongly fracturedesgrfvith lots of pits can be observed both on SEM
and AFM images. Also sharp increase of cumulatiassnlosses and mass loss rate confirm
beginning of new cavitation erosion stage MER, Bag 4b and 4c. Only two stage can be
distinguished in cumulative mass loss plot for daavitation time treatment which are IP, MER.
They have been marked in Fig. 4. Previously repopteriod times of IP and MER for brass (30
wt.% Zn) by Chiu et al. [3] indicate that it finiss over 40 min and 245 min. In current studies IP
is much longer and takes 420 min due to mild caowlibf cavitation process caused by large
distance between samples and ultrasonic generatortip. In many studies [3, 4, 8], the surface
roughness only increases with cavitation time. Hengtly the lowering of initial reference sample
roughness in IP period was found (Fig. 4), withivpates of mean depth cavitation erosion. This
should be ascribed as removing of surface oxidashyiossess different properties than bronze

interior.

Positron lifetime measurement was performed tordete the defect type after cavitation.
According to the available literature, the positliégtime studies on alloy CuAI9Ni4Fe4 or similar
copper bronze were not reported, therefore, thairodd results will be confronted with pure Cu.
The positron lifetime for well-annealed samples Wa8 ps and correspond well with122 ps of
defect-free copper reported by Hinode [13]. A srdéference in values should be assigned to the
presence of alloying additions. Two lifetime compnts were resolved from the lifetime spectra
in samples subjected to cavitation. They corresgongositron annihilation in various types of
defects and from the free state (the annihilattomfthe Bloch delocalized states). Its values are
gathered in Tab.1. CuAl9Ni4Fe4 samples treated hgur time are the most deformed one. For

these sample dislocations (with correspondingififetcomponent;=142 ps) and clusters consist

of 7 vacancies (for whicty=281 ps) was found, see Tab. 1. The size of the vacawctisters was



estimated using Zhou et al. [14] calculations panied for pure copper. No annihilation free
component was noted for 1h cavitation period whiutticates that all positrons annihilate in
defects and no positrons reach undamaged part shtinple. However, this component appgars
other samples and correspondsitoalues smaller than 130ps. The magnitude of tteat&n of
free positronst: depends on the number of positrons which annihilaséde defect and it's
proportional to the intensitks [15]. For all samples treated at least 2h, thetpwss trapped in
defects are therefore described onlythyand its intensity. correlates with defects concentration.
A higher value oft> stands for bigger vacancy clusters size. It chardyeing cavitation and
correlate with cumulative mass loss rate in FigHstly, the decrease of its size is observed to
divacancies in samples treated by 2h and 4h amdtiter 6h only monovacacies can be seen. After
8h, a MER stage starts and a bigger vacancies mggites cluster consists of 5 vacancies appear

again. Also mean positron lifetime=r,1, +r,1 ,can be used to monitoririge cavitation erosion.

Its behavior is similar to the.component, i.e. the highe%t value was noted for the shortest
cavitation period time and then it decreases weéhttnent time up to 6 hours. Previously reported
studies of damages caused by the cavitation prdiegbao et al. [12] in mild steel indicate that
the mean positron lifetime increase with cavitattone up to 40 min and is linked with the
formation of vacancies clusters. In the work [18lyoincubation stage was studied, and probably
no surface layer was removed. Continuous plastioroation during cavitation causes an
increment of the number of defects in the subsertad its clustering in the IP. It also affects
mechanical properties such as hardness [6]. Aiteeeding the IP, defect types and its depth
distribution in the material due to erosion cannges significantly.

The Doppler broadening measurement was used tg gafdct profiles beneath the surface.
The measurements using conventigiidh source were done repeatedly with etching iliso

of nitric and hydrofluoric acid in molar ratio 1:Bhe S parameter as a function of etched depth is



shown in Fig 5. The hatched area corresponds tcdhgple without defects. In all cases S—
parameter decreases with the depth, and finallshesathe value of the well-annealed sample. In
sample after 1h cavitation the reference statedshred after etching around 3@, and for other
samples after removing around 5 um of the subsairfane. This indicates a shallow depth of
defects occurrence for samples treated 2h and lgegeds and justifies the use of positron beam
measurements.
Before etching samples were also investigated usngble energy slow positrons beam.

In Fig. 6 the results of these measurements ane@rshbhe mean implantation depth presented in

upper axis was calculated according to the equation

— A n
Z=—E" eq1,
0

whereA andn are the Makhov function parameters ar@.96 g/cniis the density of a material.
The valuesn = 1.647 andA = 2.84 pgcrtkeV" reported for copper was used in evaluation [16].
The S parameter decreases with positron energieBreally saturates at depths over 500 nm. The

rate of drop increases with defects concentrati@his related to positron diffusion length: L

2
C:(Lbulk/L+) -1 eq.2
ToucH

where touk = 130 ps,u is the trapping coefficient for a single vacanssuamed in present
calculations as 20 st, and luk = 112 nm. The analysis of results was performddguthe
VEPFIT program [17], which solves the full positriomplantation-diffusion model. A one-layer
model was fitted with a specific S parameter vétuesample interior &erior and its surfaceHrace
Also, the positron diffusion length was determin€de changes in these parameters are shown in
Fig. 7a. The &urface Starts to decrease after two-hour cavitation perithe reduction of this

parameter should be regarded as erosion procegs) slbwly removes the protective oxide layer



on the sample surface and changes its chemicalasitigm. The &terior increases with cavitation
time in comparison with a reference sample, whichdates the presence of open volume defects
below the surface. Its value is higher for sampieated 1 and 2 hours and remains similar for
longer times. This may be due to the presenceggdnivacancy clusters, which occurrence was
proven using positron lifetime method. The bigghssters were noted for shortest cavitation time.
According to calculations of Luna et al. [18], tBgarameter for copper should increase with the
size of the clusters. The positron diffusion lendétreases after cavitation, which stands for an
increased number of defects below the surface. Woog to Eq. 2, the defect concentrations C
in samples are equal 21, 10, 52, 25, 1524 ppmaimptes treated 1, 2, 4, 6, and 8h, respectively.
These values were plotted in Fig. 7b. It is intengsthat although the concentration of defects is
the highest for the longest cavitation time, tlapth distribution is small and ends below 5 pm,
see Fig 5. Near 100-times difference in defect eotration in comparison with other shorter

period indicate a change of stage of material afioi erosion to MER.
5. Conclusion

During the cavitation process performed for différemes up to 8h in mild conditions in
nickel aluminum bronze, a defects evolution beltv surface was observed. Two cavitation
erosion stage was studied: incubation period () maximal erosion rate (MER) stage. The
obtained results indicated that the size and nurmbeiicrodefects change in these stages. In the
beginning of treatment after 1h period, the defectaupy the biggest depth of up to 30 um. They
were determined as clusters consisting of 7 vaearamd dislocations. Then up to 6h the surface
is flattered and only divacancies and monovacaneers observed. The area of their occurrence
was drastically reduced. In the MER region, thed@ggrated vacancies was appear again and was

built with 5 vacancies. However, their depth rabgéow the surface has not changed drastically.



Variable energy slow positrons show that conceiotnatof these defects in the range up to 1 um

drastically increase around 100 times in compargitim [P stage.
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Tab. 1 Positron lifetime for CuAl9Ni4Fe4 alloy sabfjed to cavitation at different times.
T1 andtz represent positron lifetime components andnd b its intensities, respectivelyay is a

mean positron lifetime.

Sample description 11 [pY 2 [%] 2 [pS T [PS
reference 130 (1) | - - 130 (1)
cavitation 1h 142(1) |18(1) 281 (1) 168 (1)
cavitation 2h 98 (1) |61(1) 180 (1) 149 (1)
cavitation 4h 117.(1) | 32(1) 197 (1) 143 (1)
cavitation 6h 110(1) [43(D) 165 (1) 134 (1)

126 (1) | 10(2) 246 (1) 138 (1)

cavitation 8h




Figure Captions:

Fig. 1 SEM images of the surface of CuAl9Ni4Fedwlsubjected to cavitation with different

period time.

Fig. 2 AFM images of the surface of CuAl9Ni4Fedogllsubjected to cavitation with different

period time.

Fig. 3 Photograph and SEM images (with higher nfagtion) of CuAl9Ni4Fe4 alloy before and

after 8h cavitation test.

Fig. 4 Roughness Ra), cumulative mass loss (b) and cumulative nesssrate (c) in a function
of cavitation time. On plot two characteristics ®om stage: incubation period (IP), maximal

erosion rate region (MER) were marked.

Fig. 5 S parameter dependency in the function ofieet depth for CuAIONi4Fe4 alloy after
different cavitation period for conventional Dopplaoadening annihilation method employing

2’Na isotope source.

Fig. 6 S parameter dependency in the function cfitpmm energy (bottom axis) and mean
implantation depth (upper axis) for CuAl9Ni4Fedglhfter different cavitation period performed
using variable energy positron beam. The solidslipesents the best fits obtained using VEPFIT

program.

Fig. 7 Adjusted parameters values Okurce Snterior (@), and positron diffusion length. L(b)
obtained using VEPFIT for fitted curves in Fig.ds CuAI9Ni4Fe4 bronze subjected to cavitation.

In b) also evaluated defects concentratignv@s plotted.
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Fig. 5
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