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Abstract

The present work was aimed at evaluating the effects of shot peening on corrosion performance
of CuNi3SiMg alloy in 0.1M NaCl solution. A combination of rotary swaging and optimized precip-
itation hardening was applied to generate ultra-fine grained (UFG) microstructure. Shot peening
to full coverage (100%) was performed using spherically conditioned cut wire (SCCW 14) with an
average shot size of 0.36 mm at Almen intensities of 0.1, 0.17 and 0.25 mmA for solutionized,
UFG and precipitation hardening conditions, respectively. After applying this mechanical treat-
ment, the change in the surface and near surface layers was determined by surface roughness
and microhardness measurements. Experimental investigations showed that an optimized com-
bination of mechanical surface treatment and precipitation hardening condition reduces the corro-
sion rate in 0.1M NaCl solution by generating more favorable thermodynamic conditions for more
proper formation of passive oxide layer with higher corrosion resistance.
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Introduction

Copper and copper alloys often have excellent corrosion resistance, superior electrical and ther-
mal conductivity as well as mechanical properties; therefore, they are widely used in industrial
applications [1, 2]. However, Copper and its alloys can be very sensitive to aggressive corrosion
ions like chloride, due to formation of an unstable film and soluble chloride complex as (CuCly)
and CuCls 2 [3]. The dissolution mechanism of Cu in NaCl is based on dissolution-precipitation [1,
2, 4, 5], results in the formation of diffusive compound CuCl;™ and precipitate CuCl on the surface
as the concentration of CuCly™ reached saturated limit [1, 2]. In most cases, failures like fatigue
fracture, fretting fatigue, wear and corrosion occur on material surfaces. These failures are very
sensitive to the structure and properties of the surface [6]. Mechanical surface treatment like shot
peening will be able to enhance mechanical properties and corrosion resistance to aggressive
environment [7]. The aim of this study is the evaluation of thermal and mechanical surface treat-
ment on corrosion performance of CuNi3SiMg alloy in 0.1M NaCl solution.

Experimental Method

The investigated copper alloy is the Corson-type alloy CuNi3Si1Mg. It was delivered as rods of 23
mm diameter. The material condition in our present study was extruded, homogenized, and rotary
swaged and subsequently precipitation hardened. Typical solution heat treatment (SHT) is 800°C
for 2h. During swaging of solutionized samples at room temperature, the specimen diameters
were reduced from 23 to 7 mm which correspond to a true deformation degree of 2.4 (¢ = 2.4).
Microstructure investigations were carried out on an optical microscope (Model: Zeiss Axioskop).
The electrochemical measurements were carried out using a potentiostat/galvanostat/frequency
response analyzer VSP from Biologic SAS France. At room temperature, 0.1 M NaCl solution was
used as corrosive environment. Tafel polarization curves were obtained by changing the electrode
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potential automatically from -200 mVgsce to +200 mVsce at room temperature at open circuit poten-
tial with scan rate of 1mVs™'. Electrochemical impedance spectroscopy (EIS) measurements were
performed at open circuit potential with AC voltage amplitude of 5 mV in a frequency range from
100 KHz to 1mHz. EIS measurements resulted in Nyquist plots that were further analyzed by
software EC-Lab. Shot peening was performed with a direct pressure blast system using spherical
conditioned cut wire (SCCW 14, 0.36 mm average shot size). The Almen intensities of 0.1, 0.17
and 0.25 mmA were used for SHT, SHT+SW (2.4) and SHT+SW (2.4) + age hardening conditions,
respectively. The microhardness-depth-profiles were measured using a Struers Duramin Héar-
teprifer with a Vickers hardness pyramidal diamond indenter and an applied load of 100 gm.

Experimental Results

Fig.1 presents the microstructures comparing as-received (Ar) condition with conditions after so-
lution treatment, severe plastic deformation and finally age hardening. The original samples were
extruded at 900 °C, then solutionized at 800 °C/2h and subsequently water-quenched. The micro-
structure after this treatment exhibits a recrystallized coarse grain structure with twins within the
grains. The precipitates responsible for the strengthening in the Cu-Ni-Si alloys have been identi-
fied as Ni.Si [8, 9]. Coarse Ni-Silicides (diameter >200nm) were not dissolved at this homogeni-
zation temperature. Severe plastic deformation to a deformation degree of ¢ = 2.4, results in grain
size refinement. In a swaged condition, the microstructures reveal no difference before and after
age-hardening. The hardening particles are not visible in the optical microscope.

As-received SHT
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SHT + SW(2.4) SHT + SW(2.4)+450 °C/1h

Fig. 1: Optical microstructure of CuNi3SiMg after SHT, SHT+SW (2.4) and age-hardening

The mechanical properties of CuNi3SiMg alloy in the initial, solutionized and after swaging and
age-hardening were characterized in table 1. An analysis of the results showed that after solution
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heat treatment, the material is very ductile. As expected, severe plastic deformation, SPD, led to
an increase in tensile strength and yield stress. The work hardening capability which can be
roughly estimated by (UTS-YS) is lowest in the condition SHT+SW (2.4) +450 °C/1h, 1MPa, in
comparison with other conditions. It can be seen that aging for 1h at 450 °C results in an increase
in both strength and elongation. The precipitates in CuNi3SiMg alloy with smaller grain size be-
come finer due to the higher dislocation density. The dislocations as well as grain boundaries act
as diffusion paths for solute atoms and provide nucleation sites for precipitation during aging treat-
ment. The refinement of grain size and precipitate size were effective to enhance the tensile
strength and elongation by reducing the inner-precipitate spacing [10].

Table1: Mechanical properties

Condition YS uTs (UTS-YS) ey El er | HV30
(MPa) (MPa) (MPa) (%) (%)

As-received 267 483 216 25 34 1.2 117

SHT 153 331 178 36 47 1.9 56

SHT+SW 587 588 1 0.2 05 15 161

SHT+SW+450°C/1h 821 845 24 6.5 116 | 05 230

Shot peening induces compressive residual stresses, work hardening and grain refinement in the
surface layers. The formation of a passive film becomes complex when the surface has been
altered by shot peening in comparison to a polished surface [11]. Table 2, indicates the surface
roughness results on the shot peened samples in SHT, SHT+SW (2.4) and SHT+SW (2.4) +450
- °C/1h conditions.

Table 2: Roughness Resulis

Condition Roughness, Ra
SHT 1.76
SHT+SW 1.90
| SHT+SW+450°C/1h 2.74

The microhardness values versus distance from the surface of specimens are presented in Fig.
2.
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Fig. 2: Micro-hardness depth profiles

According to this figure, the hardness of SHT+SW (2.4) + aging is higher than shot peened spec-
imens in conditions SHT+ SW (2.4) and SHT, respectively. Hardness decreases with a moderate
slope until the depth of 1 mm. The hardness increase in specimen surface and its gradual de-
crease indicates the presence of compressive residual stresses and work hardening which is of
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course decreased and disappeared with distancing from the surface [11]. Fig. 3, presents the
potentiodynamic polarization curves before and after shot peening. The corrosion current density,
icorr, COrTOsion potential, Ecor, and corrosion rate values, C.R, estimated from the plots for each
sample, are shown in table 3. The results indicate the slight differences in corrosion behaviors of
SHT, SHT+SW (2.4) and SHT+SW (2.4) +450 °C /1h. After shot peening, SHT+SW (2.4) + 450
°C/1h and SHT+SW (2.4) conditions indicate better corrosion behavior as compared to SHT con-
dition.
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Fig. 3: Polarization curves of SHT, SHT+SW (2.4) and SHT+SW (2.4) +450 °C/1h (a) before
and (b) after shot peening

Table 3: Potentiodynamic polarization parameters for the corrosion of CuNi3SiMg by 0.1 M NaCl

Surface Condition
Condition Polished Shot peened
icorr Ecorr CR iCorr Ecorr C.R
(pA/cm?) (mV) | (mmpy) (pAlcm?) | (mV) | (mmpy)
SHT 0.51 -161.9 1,143 2.38 -207.6 2.59
SHT+SW 0.49 -157.7 1115 + 0413 -206.4 0.97
SHT+SW+450 °C/1h 0.42 -166.6 1.016 | 0.3 -204.1 0.68

Fig. 4 shows the Nyquist plots of the impedance spectra for CuNi3SiMg alloy in 0.1 M NaCl before
and after shot peening. It is interesting to note that the diameter of semicircular regions increases
after SPD and SPD+ aging. The results were modelled using an equivalent circuit typical for
coated surfaces, where (CPE)q, represents the capacity of the double layer, Rq, the charge trans-
fer resistance of the reaction taking place at the metal/solution interface, (CPE)um, the capacity of
a perfect film simulated as a non-idea capacitor (or constant phase element), and Rgm, the re-
sistance of the defects in the coatings. R, is the electroiyte resistance, Fig. 5 [12]. The correspond-
ing impedance parameters are given in table 4.

The coating performance can be described by the coating capacitance and the resistance of the
pore or defect in the coating. With an increase in the permeability of a coating, the conductive
paths will be increased and this will lead to the reduction in the Re. It was noticed that there is an
increase in Ry and Ram in conditions SW (2.4) and SW (2.4) +450 °C/1h before and after shot
peening.
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Table 4: Parameters used in fitting of impedance data for CuNi3SiMg alloy in 0.1 M NaCl (a)

before shot peening (b) after shot peening
Rs Rfiim (CPE)fiim Ret (CPE)ai Ry
CONDITION (Q.cm?) | (Q.cm?) | (e®F.s @) | (Q.cm?) | (e®F.s @) | (Q.cm?
SHT 120 4217 54 7513 8.8 11730
SHT+SW 105 1746 3.2 16756 19.7 18502
SHT+SW+450 °C/1h 131 5960 2.4 17162 12.9 23122
(a)
Rs Reim (CPE)fiim Ret (CPE)q Rp
CONDITION (Q.cm?) | (Q.cm?) | (eF.s @) | (Q.cm?) | (e7F.s =) | (Q.cm?)
SHT 100 1796 0.54 6831 8.8 8627
Sht+SW 131 6721 0.14 23522 25 30243
SHT+SW+450 °C/1h 100 7489 94.3 23378 3.6 30867
(b)
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Fig. 4: Nyquist plots of CuNi3SiMg alloy in 0.1 M NaCl (a) before shot peening (b) after shot
peening
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Fig. 5: Equivalent circuit used to calculate the Impedance parameters

Conclusion

SPD furnishes the CuNi3SiMg alloy with a uniform passive layer which results from the fine distri-
bution of grain boundaries, acting as diffusion paths for elements migration [13,14,15]. The im-
provement of corrosion resistance of CuNi3SiMg alloy after age-hardening indicates the effect of
precipitates and their uniform distribution on corrosion behavior [15]. Because of the inverse re-
lationship between the corrosion resistance and surface roughness, corrosion behavior is likely
not to be influenced by increasing roughness after shot peening. The hardness increase in spec-
imens’ surface after shot peening shows the presence of compressive residual stresses, work
hardening and high density of grain boundaries which enhance the formation of passive film at the
samples’ surface that consequently improves corrosion resistance through restriction of interac-
tion between metal ions and corrosion environment [11]. In this study, the effect of fine grains,
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compressive residual stress and work hardening at the samples’ surfaces in SHT+SW (2.4) +
aging and SHT+SW (2.4) conditions after shot peening, seem to be more dominant than rough-
ness [16].
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