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Chapter 7 

Results related to the effect of other parameters on erosion- 

corrosion of Cu-10 %Ni and Marinel. 

7.1. Effect of impingement angle on erosion-corrosion processes. 

This section incorporates aspects such as the effect of impingement angle on 

weight loss and the subsequent erosion mechanisms and the corrosion rate. The results 

of this part of the work are described in the following sections, 7.1.1. (for Cu-1O%Ni), 

and 7.1.2. (for Marinel). 

7.1.1. Effect of impingement angle on erosion-corrosion of Cu-10%Ni. 

A series of experiments at the impinging velocity of 17m/s, were carried out to 

determine the effect of the impingement angle on the total weight loss under free 

erosion-corrosion conditions, under cathodic protection and in anodic polarisation 

tests. The corrosion monitoring includes linear polarisation to assess the time 

dependency of the corrosion rates. 

7.1.1.1. Total Weight Loss. 

Table 7.1. shows the total weight loss/impingement angle data. It is quite clear 

that for impact angles of 30° and 90° after exposures of 8 hours, the Cu-10%Ni alloy 

exhibited similar weight losses which were higher than when impinging at 17m/s, at 

45° and 60°. Same weight losses were also observed for the other group of impact 

angles, (45° and 60°). 

Impingement 

angle 

Total Weight Loss 

(mg) 

Total Weight Loss (mg) - 
Average 

Rate of Total Weight 

Loss (mg/h) 

30° 2.0,2.1 2.05 0.26 

45° 1.5,1.7 1.60 0.20 

60° 1.5,1.7 1.60 0.20 

90° 2.0,2.2 2.10 0.26 

Table 7.1. Total weight loss/impingement angles data. 
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7.1.1.2. Weight Loss due to the Pure Erosion component. 

Experiments at impingement angles of 30° and 90°, in which the specimen was 

subjected to cathodic protection for 8 hours, obtained the contribution of the pure 

erosive component to the total weight damage. These results are presented in Table 

7.2., and show the weight losses with slightly higher losses at 90°. 

Impingement 

angle 

Pure Erosion 

Weight Loss (mg) 

Pure Erosion Weight Loss 

(mg) - Average 

Rate of Pure Erosion 

Weight Loss (mg/h) 

30° 0.2 , 0.3 0.25 0.03 

90° 0.4 , 0.4 0.40 0.05 

Table 7.2. Weight loss values due to the erosion component. 

7.1.1.3. Weight Loss due to the Direct Corrosion component. 

Figure 7. la-b and Figure 7.2a-b show the typical anodic and cathodic 

polarisation curves respectively, generated from tests after 8 hours in 3.5% NaCl 

solution at impact angles of 30° and 90°. 

The detailed trends in the polarisation curves will be discussed in Chapter 9; 

for the moment their use is to facilitate determination of corrosion rates via the Tafel 

extrapolation method. The instantaneous corrosion rates expressed in mg/h as 

calculated by the Tafel extrapolation method are shown in Table 7.3. Clearly the 

weight loss due to the direct corrosion component was much higher at 30°. 

Impingement 
angle 

Direct corrosion 
current density, 

(A/cm2) 

Direct corrosion current 
density, (tA/cm2) - 

Average 

Instantaneous Direct 
corrosion weight loss 

(mg1h) 
30 23.3 , 27.7 25.50 0.12 

90° 8.5,7.8 8.15 0.04 

Table 7.3. Weight loss values due to the direct corrosion component. 
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Figure 7.1a. Anodic polarisation tests of Cu-10%Ni upon an initial exposure of 8 
hours under the impinging jet. The impact angles are 90° and 30°. 
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Figure 7.1b. Anodic polarisation tests of Cu-10%Ni upon an initial exposure of 8 
hours under the impinging jet. The impact angles are 90° and 30°. 
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Figure 7.2a. Cathodic polarisation tests of Cu-10%Ni upon an initial exposure of 8 
hours under the impinging jet. The impact angles are 90° and 30°. 
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Figure 7.2b. Cathodic polarisation tests of Cu-10%Ni upon an initial exposure of 8 
hours under the impinging jet. The impact angles are 90° and 30°. 
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7.1.1.4. Remarks on the effect of impingement angle on erosion-corrosion 

for 8 hours at 17m/s. 

Table 7.4. shows the weight loss values due to erosion, corrosion and indirect 

corrosion, (i. e. synergy) for impact angles of 30° and 90°, at 17m/s after 8 hours of 

exposure. Even if the total weight loss is the same for 30° and 90°, the detailed 

mechanistic studies revealed that at 30°, the contribution due to the pure erosion and 

due to the synergy decreases, while the contribution due to the direct corrosion 

increases. 

Impingement 
angle 

30° 

Rate of Total 
Weight Loss 

(mg/h) 
0.26 

Rate of Pure 
Erosion Weight 

Loss (mg/h) 
0.03 
12 

Instantaneous 
Direct Corrosion 

Weight Loss (mg/t 
0.12 
46 

Rate of 
Synergy 
(m ) 

0.11 
42 

900 0.26 0.05 0.04 0.17 
% 19 15 66 

Table 7.4. Weight loss values due to erosion, corrosion and indirect corrosion (i. e. 
synergy effect). 

Clearly this is a complex situation in terms of the impinging angle influence. 

The rate of the total weight losses shows maximum values at 30° and 90°, while the 

rate of pure erosion weight losses appears to be higher at 90° than at 30°, with the 

converse situation to appear for the instantaneous direct corrosion losses. This shows 

how complex the erosion corrosion behaviour is, emphasising the futility to simply 

transferring angular relationships obtained from dry erosion, through to aqueous 

erosion-corrosion. 

The higher corrosion rate at 30° than at 90°, may be explained by a larger area 

influenced by the hydrodynamics effects at 30°; this will be discussed in Chapter 9. 
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7.1.1.5. Linear polarisation type tests. 

With the objective of obtaining an indication of the effect of time on the direct 

corrosion rate at 30° impingement angle, an experiment was run with an increase by 

22mV to the value of ECOR, at 30 mins, 4 and 8 hours. 

Figure 7.3a-b. shows the resulting anodic polarisation curves generated from 

duplicate tests at constant velocity of 17m/s, at an impingement angle of 30°. 

Evidently the contribution due to direct corrosion increases with time. 

Table 7.5. shows the average values of EC°LT. RP and 1. for Cu-10%Ni , 
P 

impinging at 30° at different time exposures. According to the results the value of Ec°R 

shifts continuously in the positive direction. Figure 7.4. presents the 
IYR' 

values 
P 

versus time plots for 30° and 90°, with clearly higher values for the 30° tests. 
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Figure 7.3a. Anodic polarisation curves of Cu-10%Ni for an increase by 22mV to the value 
of E. upon exposures of 30mins, 4 and 8 hours, at 30° impingement angle. 
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Figure 7.3b. Anodic polarisation curves of Cu-10%Ni for an increase by 22mV to the value 
of EcoR, upon exposures of 30mins, 4 and 8 hours, at 30° impingement angle. 
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Time 
(hours) 

Average Ecorr 
(mV) 

Average Rp (KOhm *cm2) Average 1, (1/(KOhm*cm2)) 
P 

1/z -289.323 0.667 1.500 

4 -286.569 0.582 1.718 

8 -280.755 0.546 1.831 

Table 7.5. The average values of Ecorr, RP , 
fIN 

, for Cu-10%Ni at different time 
P 

exposures, for an increase by 22mV to the value of Ecorc. 
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Figure 7.4. 
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values vs. Time curve for the specimen of Cu-10%Ni under 

impingement velocity of 17 m/s at 3 0° and 90° tests. 
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7.1.2. Effect of impingement angle on erosion-corrosion of Marinel. 

These tests involved exposure of the specimens for 8 hours under 

impingement conditions at 30°. 

7.1.2.1. Total Weight Loss. 

Table 7.6. shows the total weight loss/impingement angle data. It is apparent 

that the impingement angle dependence of total weight loss rate is complex as is 

indicated by the results. 

Impingement 

angle 

Total Weight Loss 

(mg) 

Total Weight Loss (mg) - 
Average 

Rate of Total Weight 

Loss (mg/h) 

30 1.1,1.0 1.05 0.13 

45 0.6,0.7 0.65 0.08 

60 1.1 , 1.2 1.15 0.14 

90 0.8 , 0.8 0.80 0.10 

Table 7.6. Total weight loss/impingement angles data. 
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7.2. Effect of salinity on erosion-corrosion processes. 

This section involves aspects such as the effect of the concentration of the 

NaCl in the solution, on the erosion-corrosion rate. The results of this part of the work 

are described in the 7.2.1 section for Cu-10%Ni. 

7.2.1. Effect of salinity on erosion corrosion of Cu-10 %Ni. 

Figure 7.5a-b. show the typical anodic polarisation curves generated from 72 

hours tests in 3.5% NaCl and 1.75% NaCl, impinging at 17m/s. The direct corrosion 

rate clearly remains the same with salinity variations. 
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Figure 7.5a. Anodic polarisation curves from 72 hours tests impinging at 17m/s. 
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Figure 7.5b. Anodic polarisation curves from 72 hours tests impinging at 17m/s. 
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7.3. Effect of temperature on erosion-corrosion processes. 

In contrast to the initial electrochemical studies at 19±2°C, a series of tests at 

35±1°C were carried out to determine the effect of the temperature on the erosion- 

corrosion processes. The results are presented in the following sections, 7.3.1. (for 

Cu-10%Ni), and 7.3.2. (for Marinel). 

7.3.1. Effect of temperature on the erosion-corrosion of Cu-10 %Ni. 

These tests involved exposure of the specimens for 48 hours at 35°C, 

impinging at 17m/s; mainly focusing to the effect of temperature on the total weight 
loss of Cu-10%Ni. 

7.3.1.1. Total Weight Loss. 

The total weight loss/temperature data for the two temperatures, (ambient- 

19°C as shown previously in Table 6.12, and 35°C), are compared directly in Table 

7.7. The results demonstrate a clear trend of increasing weight loss with increasing 

temperature. 

Temperature (°C) Total Weight Loss (mg) Average Total Weight Loss (mg) 

19 8.5 , 9.1 8.80 

35 10.5,11.3 10.9 

Table 7.7. Total weight loss/temperature data for Cu-10%Ni, at the two temperatures 
after 48 hours exposure time, impinging at 17m/s. 
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7.3.2. Effect of temperature on the erosion-corrosion of Marinel. 

Each test, (anodic and cathodic polarisation, total weight loss and cathodic 

protection), includes at least one replication. The corrosion monitoring includes linear 

polarisation to assess the time dependency of the corrosion rates. Further more a 

group of tests were contacted for specimens with small diameter, placed direct under 

the impinging jet. 

7.3.2.1. Total Weight Loss. 

Table 7.8. shows the total weight loss of Marinel after 48 hours under an 
impinging velocity of 17m/s, at 35° C, in comparison with the results, (shown 

previously in Table 6.25. ) at same impinging velocity, at 19° C. Although there is 

more scatter in the results at 35°C, it is evident that the total weight loss decreases 

with increased temperatures. Even the highest value of the total weight loss at 35° C, 

is less than the lowest value of total weight loss at 19° C. 

Temperature (°C) Total Weight Loss (mg) Total Weight Loss Average - (mg) 

19 2.0,2.0 2.00 

35 1.0,1.1,1.3,1.6 1.25 

Table 7.8. Total weight losses of Marinel after 48 hours at 19°C and 35° C. 

7.3.2.2. Weight Loss due to the Erosion component. 

The pure erosive component of damage was obtained by experiments in which 

the specimen was cathodically protected and the weight loss was measured. These 

results in comparison with the results at 19 °C, (from Table 6.25. ), are presented in 

Table 7.9. 

Evidently the temperature does not affect the very small weight loss due to the 

erosion component. 
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Temperature (°C) Pure Erosion Weight Loss (mg) Average Pure Weight Loss (mg) 

19 0.2,0.2 0.20 

35 0.2,0.2 0.20 

Table 7.9. Weight losses of Marinel due to the erosion component. 

7.3.2.3. Weight loss due to the Direct Corrosion component. 

Figure 7.6a-b show the typical anodic polarisation curves generated from tests 

in 3.5% NaCl solution, under a lmm impinging jet at 17m/s, at temperature of 35°C. 

Evidently the temperature increase did not significantly affect the ECOn value, (in the 

range -282mV to -308mV at 35°C). 

The anodic polarisation curves indicate the gradual establishment of a passive 

film on Marinel at 35° C. The current passing through the specimens reached very low 

values while the shift in the potential from E°Orr and this trend was accentuated with 

the passage of time. 

Table 7.10, shows the current densities at 4,8 and 48 hours, as calculated by 

Tafel extrapolations, and the average instantaneous corrosion rates calculated using 

Faraday's law. 

It is quite clear that instantaneous corrosion rates decreased dramatically from 

4 to 48 hours, as is shown also on Figure 7.7., which shows the instantaneous 

corrosion rates plotted from the data in Table 7.10. 

The integrated total direct corrosion rates at 35°C, (estimated from the area 

under the curve in Figure 7.7. ), in comparison with that at 19°C, for an exposure 

period of 48 hours, (from Table 6.25. ), are presented in Table 7.11. 

Table 7.10 and Table 7.11 clearly demonstrate that over the entire exposure of 

48 hours at 35°C, the Marinel is remarkably more passive than at 19°C. 
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Figure 7.6a. Anodic polarisation curves of Marinel at exposures of 4,8 and 48 hours, 

under the impinging jet, at 17m/s and 35°C. 
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Figure 7.6b. Anodic polarisation curves of Marinel at exposures of 4,8 and 48 hours, 

under the impinging jet, at 17m/s and 35°C. 
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Figure 7.7. Instantaneous direct corrosion rate vs. time graph for Marinel at 17m/s 
and 35 °C. 

Time Current density Instantaneous Direct Instantaneous Direct Instantaneous Direct 

(hours) (µA/cm2) - 35°C Corrosion Weight Corrosion Weight Loss Corrosion Weight Loss 

Loss (mg/h) - 35°C (mg/h) - Average - (mg/h) - Average - 

35 °C 19 °C 

4 3.2 , 3.3 0.0179,0.0183 0.018 0.090 

8 0.76,0.8 0.0043 , 0.0044 0.004 0.039 

48 0.1 , 0.1 0.0006 , 0.0006 0.0006 0.033 

Table 7.10. Average instantaneous direct corrosion weight losses at 4,8 and 48 hours, 
and current densities as calculated by Tafel extrapolations for 35°C and 19°C. 

Temperature °C Direct Corrosion Weight Loss (mg) 

19 1.740 

35 0.181 

Table 7.11. Integrated total direct corrosion weight losses for a time period of 48 
hours at 19°C and 35°C, for Marinel, at an impinging velocity of 17m/s. 
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7.3.2.4. Remarks on the effect of temperature on erosion-corrosion for 48 

hours. 

Table 7.12. shows the weight loss values due to erosion, corrosion and indirect 

corrosion (synergy) for 19°C and 35°C. An apparently large proportion due to synergy 

is indicated at the higher temperatures. 

Temperature 

(°C) 

Average Total 

Weight Loss 

(mg) 

Average Pure 

Erosion Weight 

Loss (mg) 

Average Direct 

Corrosion Weight Loss 

(mg) 

Synergy 

Average - 
(mg) 

19 2.00 0.20 1.74 0.06 

% 10 87 3 

35 1.25 0.20 0.18 0.87 

% 16 14 70 

Table 7.12. Weight losses due to Pure Erosion, Corrosion, and indirect corrosion 
(Synergy) effect, at 19°C and 35°C. 

On account of the very large synergetic percentage at 35°C relative to 19°C, it 

was decided to run another experiment at 35°C for 4 hours. The idea of this was to 

assess whether a large proportion of the total weight loss occurred in the initial few 

hours and hence whether this affect the proportions of components such as the 

Synergy. 

The results of this 4-hour test at 35°C were total weight losses of 0.40 mg and 

0.40 mg in duplicate specimens. This does in fact show that at 35°C not only was the 

direct corrosion rate falling with time, but so was the total erosion-corrosion rate. 
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7.3.2.5. Linear polarisation type tests. 

In order to obtain more data to assist in the evaluation of the effect of 

temperature in the corrosion rate with time, one experiment was carried out at 35°C 

impinging at 17m/s, and another one at 35°C at static conditions. In both of them a 

series of linear polarisation type monitoring exercises was undertaken at times of 2,4, 

8,16,24,32,40,48 hours. Typical plots of polarisation/current density in this series 

of tests are shown in Figure 7.8a-b., in which (to facilitate comparison) the actual ECO1T 

values are adjusted to zero on the y-axis. Table 7.13a-b., shows the calculated values 

of 
R, and Y,,, for the various exposures times, on the reasonable basis of a direct 

between )IR' and corrosion rate. The plots of ýIR' against time (Figures 7.9a-b-c. ) 
PP 

provide more-detailed evidence that the corrosion rate decreased dramatically, from 

relatively high initial values, in the first 4-8 hours supporting the notion of a rapid 

development of a protective film on the surface even in the severe 17m/s impingement 

velocity. 
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Figure 7.8a. Typical anodic polarisation curves of a specimen of Marinel at 35°C, for 
an increase by 22mV to the value of E°°, ý, impinging at 17m/s. 

i 
4.5 

Time 
(hours) 

Average E, o,,, 
(mV) (KOhm*cm2) Average Rp Average I (1/(Kohm*cm2)) 

xfip 
2 -316.742 4.835 0.206 

4 -310.792 16.116 0.062 

8 -307.602 28.594 0.035 

16 -303.234 56.156 0.017 

24 -299.942 71.09 0.011 

32 -290.346 149.7 0.006 

40 -286.437 185.36 0.005 

48 -282.309 235.12 0.004 

Table 7.13a. The average values of EcO r, -Pý for Marinel at different time 

exposures for an increase by 22mV to the value of E, o,, at 17m/s. 
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Figure 7.8b. Typical anodic polarisation curves of a specimen of Marinel at 35°C, for 

an increase by 22mV to the value of EC.,, at static conditions. 

Time 
(hours) 

Average Ecorr 
(mV) *2 Rp (KOhm cm) 

Average (1/(Kohm*cm2)) YP 

0.5 -325.873 3.262 0.306 

2 -314.531 6.876 0.145 

4 -302.831 23.352 0.043 

8 -287.623 86.36 0.012 

24 -303.861 123.72 0.008 

32 -298.796 145.621 0.007 

40 -288.348 186.15 0.005 

48 -295.891 226.5 0.004 

R, 
for Marine! at different time Table 7.13b. The average values of Ecoi, ',, 

ZY P 

exposures for an increase by 22mV to the value of E, on, at static conditions. 
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Figure 7.9a. I vs. Time curve of Marinel, for an increase by 22mV from the 

value of Ec°rr, at 35°C, impinging at 17m/s. 
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7.3.2.6. Tests with specimens placed direct under the jet. 

In order to obtain more data to assist in the evaluation of the effect of 

temperature in the total weight loss of Marinel, a set of experiments was carried out at 

l7m/s, in which a specimen with a diameter of 6 mm was placed direct under the 

I mm diameter impinging jet. The total weight loss and the pure erosion results after 

an exposure of 48 hours at 35°C are shown in Table 7.14. Obviously from Table 7.14. 

in comparison with Table 7.8. and Table 7.9., at temperature of 35° C the major part 

of the total weight loss and all the weight loss due to the contribution of the erosion 

factor, take place direct under the jet. 

Temperature °C Total Weight Loss - (Average) -(mg) Pure Erosion - (Average ) -(mg) 
35 0.8,0.9-(0.85) 0.2,0.2-(0.2) 

Table 7.14. Total weight losses and weight losses due to Pure Erosion, direct under 
the impinging jet, after 48 hours at 350 C. 

Figure 7.10a-b. show the typical anodic polarisation curves generated from 

tests carried out at l7m/s and 35"C, for a specimen with a diameter of 6 mm which 

was placed direct under the lmm diameter impinging jet, after an exposure of 4,8,24 

and 48 hours. The anodic polarisation curves indicate the gradual establishment of a 

passive film even directly under the jet, on Marinel at 35° C. The current passing 

through the specimens reached very low values while the shift in the potential from 

Ecorr and this trend was accentuated with the passage of time. 

Table 7.15., shows the current densities at 4,8,24 and 48 hours, as calculated 

by Tafel extrapolations on Figure 7. lOb., and the average instantaneous corrosion 

rates calculated using Faraday's law for the area of 6mm. It is quite clear that 

corrosion rate decreased dramatically even under the jet from 4 to 48 hours, as is 

shows also on Figure 7.11., which shows the instantaneous corrosion rates plotted 

from the data in Table 7.15. 

The integrated total direct corrosion rates at 35°C after 48 hours, (estimated 

from the area under the curve in Figure 7.11. ), are presented in Table 7.16., which 

also includes the total metal loss and the pure erosion, (from Table 7.14. ), and the 

synergy calculated from T. W. L =C+E+S. 
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Time 

(hours) 

Current density 

(itA/cm2) - 
35±1'C 

Instantaneous Direct Corrosion 

Weight Losses (mg/h) - 35±1°C 

Instantaneous Direct Corrosion 

Weight Losses (mg/h) -Average- 
35±1°C 

4 6,7 0.00 19 , 0.0023 0.0021 

8 2.5 , 2.5 0.0008 , 0.0008 0.0008 

24 1.5,1.5 0.0005 , 0.0005 0.0005 

48 0.17 , 0.19 0.00006 , 0.00006 0.00006 

Table 7.15. Average instantaneous corrosion rates at 4,8,24 and 48 hours, and 
current densities as calculated by Tafel extrapolations for 35°C, for the area direct 

under the jet. 

Temperature Total Weight Loss Pure Erosion - Total Direct Corrosion Synergy 

°C - (Average) -(mg) (Average) -(mg) - Average -(mg) Average - 
(mg) 

35 0.8,0.9-(0.85) 0.2,0.2-(0.2) 0.03 0.62 

Table 7.16. Total weight losses, Pure Erosion, Total Direct Corrosion and Synergy 
losses, directly under the impinging jet, after 48 hours at 35° C. 
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Evidently the results state that the corrosion current density, in tA/cm2, is 

rather higher in the centre than on the entire surface of the specimen; but the weight 
losses due to the direct corrosion component for the centre are much less than that on 

the entire specimen, (this is in contrast to the total weight loss and the erosion values 

for which a large proportion is on the centre). 
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7.4. Microscopical examination. 

The results of the microscopical examination on the specimens after the tests, 

focused on the influence of the impingement angle and the temperature on the 

mechanisms of attack, are presented in the following sections, 7.4.1. for Cu-10%Ni 

and 7.4.2. for Marinel. 

7.4.1. Cu-10%Ni. 

7.4.1.1. Impingement angle effect. 

The Cu-10%Ni alloy at different impingement angles showed the same surface 

features as after the same exposure time at the same velocity, (i. e. 17m/s, 8 hours), at 

0=900. Mainly the etched structure is evident implying uniform attack on the metal, 

(Figure 7.12, Figure 7.13). The only detectable difference on the oblique angles was 

the tendency for a thicker surface film away from the directly impinged zone, Figure 

7.14. 

7.4.1.2. Temperature effect. 

The entire surface of the Cu-10%Ni specimen after the end of the test, (Figure 

7.15. ), was covered by a fairly discontinuous yellowish film, with no evidence of 

hydrodynamic effects. Figures 7.16 shows the patchy film which covered the whole 

surface. At high magnification the variations in film structure and thickness were 

evident as shown at Figure 7.17 and Figure 7.18, with some areas where the film was 

relatively thick and others where it appeared as darkish structural patches, Figure 

7.17. The metal grain structure was faintly evident in unfilmed areas and indeed in 

many areas the film appears decorating the grain boundaries of the underlying metal. 
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7.4.2. Marinel. 

7.4.2.1. Impingement angle effect. 

The Marinel alloy at all impingement angles, (i. e. 0=30°, 4=45°, 4=60°), under 

the directly impinged zone was covered by the discontinuous, acicular, needle-like, 

film, Figure 7.19. This behaviour is identical to what we have seen for the central 

region at 4=90°, Figure 6.17. A clear difference between the behaviour at 0=90° and 

the other angles is that the more discontinuous dark film which is also evident in the 

outer regions after perpendicular impingement, (see Figure 6.17. ), is absent at the 

other angles. The acicular film at these oblique angles was of yellow colour and 

clearly thinner than the dark acicular film at 90°. The outer regions at 0=30°, 0=45° 

and 0=60°, showed an etched structure together with the precipitate particles, but with 

an evidence of a lack of sharpness on the images, implying that a thin film is forming, 

Figure 7.20. 

7.4.2.2. Temperature effect. 

When the specimen was removed from the rig was clearly covered by a more 

substantial film over the entire surface, than was the case for the same experiment at 

ambient temperature, i. e. 19°C. Moreover the film formed at 35°C was more difficult 

to be removed. Under the microscope the discontinuous film that remained on the 

surface was less abundant at the centre than at the outer areas of the specimen, Figure 

7.21. Another important observation was that the examination of the surface in 

between the patches of the film, revealed only a faint evidence of the etched structure. 

Again evident were white, clearly unattacked Ni/Nb particles. 
The cathodically protected specimen after removal from the experimental rig, 

appeared substantially different than the specimen exposed to erosion-corrosion 

conditions without any electrochemical intervention, i. e. T. W. L. In particular there 

was no presence of the very thick film that was apparent on the ordinary test. 

The appearance of the specimen subjected to erosion-corrosion for 48 hours at 

35°C with final anodic polarisation, was essentially identical to the specimen without 

the anodic polarisation. 
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0ý 
Figure 7.12. Cu- IOcIcIN i. \ =17w/s, 8 hours, 0=45", T. W. L. 

The etched structure evident on the whole surface. 

Figure 7.13. Cu-10%Ni, V=17m/s, 8 hours, 4=30°, T. W. L. 
The etched structure - uniform attack on the metal. 

240 



I 

Figure 7.14. Cu-l0'/(Ni, V=17m/s, 8 hours, 0=30°, T. W. L. 
The thicker film away from the directly impinged zone. 

Figure 7.15. Cu- IU`iý A'_17m/s, 48 hours, T=35°C, T. W. L. 
The specimen after the test. 
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Figure 7.16. 

4 
Cu-1011( Ni, V=17m/s, 48 hours, T=35"C, T. W. L. 
The patchy film which covered the whole surface. 
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Hgurc 7.17. Cu -1UýýNi, A'=17m/s, 4, ýhour,, I=3S"C, T. W. L. 
The variations in film structure and thickness. 
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-" .ý 

Figure 7.18. 
ýw ww 1 

Cu-1(Y) Ni. A =17m/s, 4 hours. 1'=35"(', I v. 
The variations in film structure and thickness. 

Figure 7.19. Marinel, V=17m/s, 8 hours, 0=300, T. W. L. 
The discontinuous, acicular film under the directly impinged-zone. 
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Figure 7.20. Marinel, V=17m/s, 8 hours, 0=45°, T. W. L. 
The etched structure at the outer regions. 

Figure 7.21. Marinel, V=17m/s, 48 hours, T=35°C, T. W. L. 
The discontinuous film was less abundant at the centre, (right side of 
the photograph), than at the outer areas of the specimen, (left side). 
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Chapter 8 

Results related to Concentric Specimens. 

8.1 Effect of time and temperature on erosion-corrosion processes 

for concentric specimens. 

The previous sections, (6,7), presented results focused on composite 

specimens. This section presents the results obtained from concentric specimens, as 

described in section 5.2., which were subjected to liquid impingement at l7m/s, using 

the 1 mm nozzle, at ambient temperature 19°±2C, where the jet was incident on the 

central specimen. A series of linear polarisation tests were conducted during the 

course of the experiment on both the inner and outer parts to the specimen. Galvanic 

currents were measured at time intervals during the course of the linear polarisation 

tests as well as measurement of the change in the free corrosion potential. Full anodic 

polarisation scans after 48 and 72 hours were also conducted. 

Furthermore a series of tests at 35°±1C are also presented for the concentric 

specimens of Marinel. 

The results of this part of the work are described in the following sections, 

8.1.1. (for Cu-! O%Ni), and 8.1.2. (for Marinel). 

8.1.1. Effect of time on erosion-corrosion processes for concentric specimens of 

Cu-l0c7cNi. 

8.1.1.1. Linear polarisation type tests. 

As shown in section 5.2. these experiments involved two separate specimens; 

one 4mm diameter directly under the jet and the other a square plate with size 

20x2Omm with a centred 6mm internal diameter. The respective areas were 0.126cm' 

and 3.72c III . 
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They were subjected to a jet, using a nozzle diameter of 1mm at a velocity of 
17m/s. One set of experiments involved a linear polarisation-type monitoring 

exercise, employing an increase in potential by 22mV from Econ. after exposures of 
30mins, 2,4,8,16,24,32,48 and 72 hours under the impinging jet. 

Figure 8. la-b and Figure 8.2a-b show the resulting anodic polarisation curves 
for the central and the outer specimen respectively. 

Table 8.1. and Table 8.2. show the average values of RP and , calculated 
P 

from the gradient of the graphs on Figure 8. la-b. and Figure 8.2a-b. The tables also 
include the analogous values for the composite specimen, (from Table 6.16. ) for 

comparison purposes. 

Figure 8.3a. and Figure 8.3b. present the . versus time plots for the 
P 

concentric samples and Figure 8.4. presents the , average values versus time plots 
P 

for the concentric samples. The time dependence of corrosion rate appears to be rather 
complex. 
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Figure 8.1a. Anodic polarisation curves of the central region of a concentric specimen of 
Cu-1O%Ni, for an increase by 22mV to the value of EroR, upon exposures of 30n-ins, 4,8,16, 
48 and 72 hours under impingement velocity of 17 m/s. 
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Figure 8.1b. Anodic polarisation curves of the central region of a concentric specimen of 
Cu-1O%Ni, for an increase by 22mV to the value of E,., upon exposures of 30mins, 4,8,16, 
48 and 72 hours under impingement velocity of 17 m/s. 

30 

30 

247 



25 

20 

> 15 
E 
W 

C 
G1 
0 

a 10 

5 

0 

8 hours 30 minutes 

4 hours 

72 hours 

I 

I 

16 hour 

, 

s 

ý! I 
ý I 

I 48 hours 

I! 
I I I 

0 2 4 I (µNcros) 6 8 

Figure 8.2a. Anodic polarisation curves of the outside region of a concentric specimen of 
Cu-10%Ni, for an increase by 22mV to the value of Eco,, upon exposures of 30mins, 4,8,16, 
24,32,48 and 72 hours under impingement velocity of 17 m/s. 
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Figure 8.2b. Anodic polarisation curves of the outside region of a concentric specimen of 
Cu-10%Ni, for an increase by 22mV to the value of E, 0R, upon exposures of 30mins, 4,8,16, 
48 and 72 hours under impingement velocity of 17 m/s. 
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Figure 8.3a. I" values vs. Time curve for the central region of a concentric specimen of RI, 
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The rate of corrosion is much higher on the centre specimen than on the 

outside, and generally the corrosion rate for the central specimen is rather similar to 

the composite specimen as Figure 8.4. demonstrates. 

Another significant point on the data on Figure 8.4. is the clear agreement . tl 
between the concentric and the composite specimen, (the data of which was obtained 

at an earlier stage in the experimental programme), in terms of the complex time 

dependencies. 
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Time 30 mins 2 hours 4 hours 8 hours 16 hours 24 hours 32 hoursl 48 hours 72 hours 

RP (Kohm*cm2) 
' Composite specimen 

- Average 

I 2.849 1.576 1.460 1.410 0.698 1.563 0.652 I 2.059 

Centre - Average 2.489 1.494 1.464 1.361 0.878 1.611 1.514 0.974 1.883 

Outside - Average 2.696 3.477 3.472 3.280 2.248 5.189 3.738 2.334 5.794 

Table 8.1. RP average values for both the central and the outside region of Cu- 
10%Ni, for different time exposures, for an increase by 22mV to the value of E,, oR. 

Time 30 mins Z hours 4 hours L hours 16 hours 24 hours 32 hours 48 hours 72 hours 

, (1/(Kohm*cm2)) 
P 

Composite specimen 
- Average 

0.351 0.634 0.684 - [-dj&9-1 1.432 0.639 1.533 0.485 

Centre - Average 0.402 0.669 0.683 0.735 1.139 0.621 0.661 1.027 0.531 

Outside -Average 0.371 0.288 0.288 0.305 0.445 0.193 0.268 0.428 0.173 

Table 8.2. . average values for both the central and the outside region of Cu- 
p 

10%Ni, for different time exposures, for an increase by 22mV to the value of Eco, r. 

8.1.1.2. Full Anodic Polarisation scans. 

In addition to the "linear polarisation-type" tests, separate experiments were 

performed, again using the lmm nozzle and 17m/s, in which full anodic polarisation 

scans were undertaking after 48 and 72 hours. 

Figure 8.5a-b. show the resulting typical anodic polarisation curves for the 

central and the outer specimens, respectively. The corrosion rates exhibited a decrease 

at 72 hours compared to 48 hours and this is in agreement with the trend for 48 and 72 

hours shown by the linear polarisation-type tests. Moreover, (and again in agreement 

with the linear polarisation type tests), the values of icon, (Table 8.3. ), are greater for 

the central specimen. 
Table 8.3. also shows that the instantaneous direct corrosion rates, calculated 

applying the Faraday's Law to the i, orr values, decrease by exposure time, for the 

central, the outside region and the composite specimen, (from Table 6.14). 
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Figure 8.5a. Anodic polarisation curves of the central region of a concentric 
specimen Cu-10%Ni upon exposures of 48 and 72 hours under impingement velocity 
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Figure 8.5b. Anodic polarisation curves of the outside region of a concentric 
specimen Cu-10%Ni upon exposures of 48 and 72 hours under impingement velocity 
of 17m/s. 
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Exposure time 48 hours 72 hours 
Specimen Centre Outside Composite Centre Outside Composite 

Corrosion Current 16 , 17 9,11 16 , 19 13 , 14 5,7 14.5,13.5 

Density (µA/cm2) 

Corrosion Current 16.5 10 17.5 13.5 6 14 

Density - Average 

(RA/cm2) 

Instantaneous Direct 0.004 0.047 0.082 0.003 0.023 0.066 

Corrosion Weight 
Losses - Average 

(mgfh) 

Table 8.3. Instantaneous weight loss values due to the direct corrosion component for 
the central, the outside and the composite specimen of Cu-1O%Ni. 

8.1.1.3. Galvanic Measurements. 

In another set of experiments, the galvanic interactions between the outer and 

the central specimens were investigated. This involved measuring the electrode 

potentials, (with the same reference electrode), of the separate specimens at various 

times followed by making a temporary electrical connection between the two 

specimens and measuring the galvanic current flow between them. Table 8.4. shows 

which area of the concentric specimen was more electronegative, (i. e. the anode), the 

potential difference between the two areas, and the measured galvanic current passing 

from the anode to the cathode. 

Evidently the area which acts as anode was the outside area, and through the 

whole process very small galvanic effects are measured. It is clear that there is a very 

small driving force of a few mV for galvanic corrosion. The galvanic currents 

displayed a generally increasing trend with time, for the first 16 hours, as did the 

I, values of the centre specimens. After this time period, the galvanic corrosion 
P 

exhibited a gradual decline to extremely low values for the rest of the 72 hours test 

period. 
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Exposure Time 30 mins 2 hours 4 hours 8 hours 16 hours 24 hours 32 hours 48 hours 72 hours 

ANODE Outside Outside Outside Outside Outside Outside Outside Outside Outside 

Potential Difference 
(mV) 

4,6 8,9 7,8 5,5 4,4 3,4 4 ,4 4,4 4 ,4 

Potential Difference - 
Average (mV) 

5 8.5 7.5 5 4 3.5 4 4 4 

Current passing 
From Anode to 
Cathode (A) 

0.2,0.3 0.7,0.8 0.8,1 1.0,1.2 1.1 , 1.4 0.7,0.9 0.2,0.2 0.2,0.2 0.1,0.1 

Current passing 
From Anode to 
Cathode (µA) - 

Average 

0.25 0.75 0.9 1.1 1.25 0.8 0.2 0.2 0.1 

Table 8.4. Electrochemical behaviour, potential difference, and galvanic current 
between the two areas on the concentric specimen of Cu-10%Ni. 
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8.1.2. Concentric specimens of Marinel. 

8.1.2.1. Effect of time on erosion-corrosion processes for concentric 

specimens of Marinel. 

The same techniques were employed as for the analogous study on Cu-10%Ni, 

i. e. experiments involved two separate specimens. One, 6mm diameter directly under 

the jet and the other, 8mm internal diameter, 25mm external diameter, separated by 

insulating resin. The respective areas were 0.28cm2 and 4.4cm2. These were subjected 

to a jet using a nozzle diameter of 1mm, at a velocity of 17m/s, at a temperature of 

19±2°C. 

8.1.2.1.1. Linear polarisation type tests. 

One set of experiments involved a series of linear polarisation type monitoring 

exercises, undertaking at times of 30mins, 2,4,24,48 and 72 hours under the 

impinging jet. 

Figure 8.6a-b show the typical anodic polarisation curves for the central and 

the outer specimen respectively. 

Table 8.5. and Table 8.6. show the values of RP and . calculated from the 
P 

gradient of the graphs on Figure 8.6a-b. The tables also include the analogous values 

for the composite specimen, (from Table 6.26. ) for comparison purposes. 

Figure 8.7a. and Figure 8.7b. present the 
IYR' 

versus time plots for the 
P 

concentric samples and Figure 8.8. presents the )IR' average values versus time plots 
P 

for the concentric samples. The time dependence of corrosion rate follows a huge 

increase for the first 2 hours, with a gratual decrease for the next 46 hours. 

Afterwards, a significant increase to the direct corrosion weight loss is detected. 
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Figure 8.6a. Anodic polarisation curves of the central region of a concentric specimen of 
Marinel, for an increase by 22mV to the value of Ec 

,.,, upon exposures of 30 mins, 2,4,24,48 
and 72 hours under impingement velocity of 17 m/s. 

25 

20 

s 15 

ICo 

0 a 10 

5 

0 

48 hours 
24 hours 30 minutes 

------- ------ 

, 

ý 
ý 

! I 
' 

ý 

2 rs 

72 h ours 
I ! 

4h ours , 
i 

I 

0 5 10 
Current density, I (uA/cm2) 

20 25 

Figure 8.6b. Anodic polarisation curves of the outside region of a concentric specimen of 
Marinel, for an increase by 22mV to the value of E. 
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concentric specimen of Marinel under impingement velocity of 17 m/sec. 

Again as for the Cu-10%Ni specimens, there is an excellent agreement 

between composite and concentric specimens, in terms of time dependencies. Also the 

rates of corrosion for the centre specimens are consistently higher than for the outer 

specimen. In this case the curve for the composite specimen tends to be close to that 

for the outer specimen, certainly up to the 24 hours. 
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Time 30 mins 2 hours 4 
-hours 

24 hours 48 hours 72 hours 

RP (Kohm*cm2) 

Composite specimen - 
Average 

2.395 0.989 1.001 4.310 2.020 1.243 

Centre - Average 2.382 0.534 0.754 1.929 2.538 0.932 

Outside - Average 2.384 0.849 1.015 3.18 4.05 1.993 

Table 8.5. RP average values for both the central and the outside region of Marinel, 

for different time exposures, for an increase by 22mV to the value of E, o, t. 

Time 30 mins 
-2 hours 4 hours 24 hours 48 hours 72 hours 

ýlk (1/(KOhm*cm2)) 
P 

Composite specimen - 
Average 

0.417 1.012 0.999 0.232 0.495 0.804 

Centre - Average 0.419 1.872 1.326 0.518 0.394 1.072 

Outside - Average 0.419 1.177 0.985 0.314 0.246 0.501 

Table 8.6. ýIR' average values for both the central and the outside region of Marinel, 
P 

for different time exposures, for an increase by 22mV to the value of E., 

8.1.2.1.2. Full Anodic Polarisaton scans. 

In addition to the "linear polarisation-type" tests, separate experiments were 

performed, again using the lmm nozzle and 17m/s, in which full anodic polarisation 

scans were undertaking after 48 and 72 hours. 

Figure 8.9a-b. show the resulting typical anodic polarisation curves for the 

central and the outer specimens, respectively. This is in agreement with the trend for 

48 and 72 hours shown by the linear polarisation-type tests. Moreover, (and again in 

agreement with the linear polarisation type tests), the values of (Table 8.7. ), are 

greater for the central specimen. 

Table 8.7. also shows that the instantaneous direct corrosion rates, calculated 

applying the Faraday's Law to the icorr values, increase by exposure time, for the 

central, the outside region and the composite specimen, (from Table 6.24. ). 
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Exposure time 48 hours 72 hours 

Specimen Centre Outside Composite Centre Outside Composite 

Corrosion Current 9,10 5,6 6.3,5.5 12 , 13 8,9 10 , 10 

Density (µA/cm2) 

Corrosion Current 9.5 5.5 5.9 13.0 8.5 10.0 

Density - Average 

(µA/cm2) 

Instantaneous Direct 0.003 0.027 0.033 0.004 0.042 0.056 

Corrosion Weight 

Losses - Average 
(mg/h) 

Table 8.7. Instantaneous weight loss values due to the direct corrosion component for 
the central, the outside and the composite specimen of Marinel. 
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Figure 8.9a. Anodic polarisation curves of the central region of a concentric 
specimen Marinel upon exposures of 48 and 72 hours under impingement velocity of 
17m/s. 
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Figure 8.9b. Anodic polarisation curves of the outside region of a concentric 
specimen Marinel upon exposures of 48 and 72 hours under impingement velocity of 
17m/s. 
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8.1.2.1.3. Galvanic Measurements. 

A study of the galvanic interactions between the outer and the central 

specimens, following the same techniques like for Cu-1O%Ni, was also undertaken. 

Table 8.8. shows which area of the concentric specimen was more 

electronegative, (i. e. the anode), the potential difference between the two areas, and 

the measured galvanic current passing from the anode to the cathode. 
According to the results the area which acts as an Anode, switches after the 

first 24 hours, from the outside to the centre specimen, and through the whole process 

very small galvanic currents are measured. 

Exposure Time 30 mins 2 hours 4 hours 24 hours 48 hours 72 hours 

ANODE Outside Outside Outside Equal Centre Centre 

Potential Difference (mV) 2,4 9 6,8 0,1 1,1 7,11 

Potential Difference - 
Average (mV) 

3 7 7 0.5 1 9 

Current passing 
From Anode to Cathode 

() 

1.0,1.2 1.3 , 1.5 1.3 , 1.4 0.1,0 0.1 ,0 1.4,1.4 

Current passing 
From Anode to Cathode 

(A) - Average 

1.10 1.40 1.35 0.05 0.05 1.4 

Table 8.8. Electrochemical behaviour, potential difference, and galvanic current 
between the two areas on the concentric specimen of Marinel. 

262 



In order to obtain more data to assist in the evaluation of trends in galvanic 

interactions between the outer and the central specimen, a series of linear polarisation 

type monitoring exercises was undertaken, with the jet impinging direct on the central 

specimen, but the outer specimen was placed well away from any direct influence 

from the impinging jet, (Figure 8.10. ). 

Impinging jet 

Concentric specimen 
under the jet. 

Ammeter 

Concentric remote 
specimen. 

Figure 8.10. Schematic representation of the "remote specimen" assembly. 

Table 8.9. shows which area of the "remote-outer" concentric specimen was 

more electronegative, (i. e. the anode), the potential difference between the two areas, 

and the measured galvanic current passing from the anode to the cathode. 
The results in Table 8.9. are generally very similar to these in Table 8.8. with 

the exception that the switch of polarity between the remote outer specimen and the 

directly-impinged central specimen, appeared to be delayed to between 47-72 

hours. 
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Exposure Time 30 wins 2 hours 4 hours 24 hours 48 hours 72 hours 

ANODE Remote 
Outer 

Remote 
Outer 

Remote 
Outer 

Remote 
Outer 

Remote 
Outer 

Centre 

Potential Difference (mV) 2,4 5,6 5,5 5,6 4,5 2,2 

Potential Difference - 
Average (niV) 

3 5.5 5 5.5 4.5 2 

Current passing 
From Anode to Cathode 

(A) 

1.0,1.2 1.1 , 1.3 1.3 , 1.4 0.9 
, 1.0 0.9,1.0 0.5 , 

0.7 

Current passing 
From Anode to Cathode 

(A) - Average 

1.10 1.2 1.35 0.95 0.95 0.6 

Table 8.9. Electrochemical behaviour, potential difference, and galvanic current 
between the two areas on the "remote-outer" concentric specimen of Marinel. 

8.1.2.2. Effect of temperature on erosion-corrosion processes for 

concentric specimens of Marinel. 

These tests employed experiments involved a concentric specimen as 

described section 8.1.2.1. The specimen was subjected to a jet using a nozzle diameter 

of l mm, at a velocity of 17m/s, at a temperature of 35±1 T. 

8.1.2.2.1. Linear polarisation type tests. 

Linear polarisation type monitoring exercises were undertaking at times of 

30mins, 2,4,24 and 48 hours under the impinging jet. 

Figure 8.1 la-b shows the typical anodic polarisation curves for the central and 

the outer specimen respectively. 
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Table 8.10. and Table 8.11. show the values of RP and R. calculated from 
P 

the gradient of the graphs on Figure 8.10a-b. The tables also include the analogous 

values for the composite specimen, (from Table 7.13a. ) for comparison purposes. 

Figure 8.12a. and Figure 8.12b. present the 
IYR' 

versus time plots for the 
P 

concentric samples and Figure 8.13. presents the . average values versus time 
I"R P 

plots for the concentric samples. The time dependence of corrosion rate decreases 

constantly for the exposure period of 48 hours, with the corrosion rates of all three 

specimens being generally very similar; the interesting exception to this occuring after 

30 minutes of exposure, at which the corrosion rate on the central specimen is 

significanlty higher than on the outer specimen. 

A study of the galvanic interactions between the outer and the central 

specimens was also undertaken. 
Table 8.12. shows that the anode is always the central specimen. Although the 

potential differences were rather higher than in the analogous experiments at 19°C, the 

galvanic currents were tiny in the early hours of exposure and undetectable for 

exposure periods more that 24 hours. 
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Figure 8.11a. Anodic polarisation curves of the central region of a concentric specimen of 
Marinel, for an increase by 22mV to the value of EC,, 

, upon exposures of 2,4,24 and 48 hours 

under impingement velocity of 17 m/s, at 35°C. 
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Figure 8.11b. Anodic polarisation curves of the outside region of a concentric specimen of 
Marinel, for an increase by 22mV to the value of E°°, r, upon exposures of 2,4,24,48 and 72 

hours under impingement velocity of 17 m/s, at 35°C. 
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of Marinel under impingement velocity of 17 m/s, at 35°C. 
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Figure 8.13. 
R average values vs. Time curve for the central and the outside region of a 

concentric specimen of Marinel under impingement velocity of 17 rn/sec, at 35°C. 
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Time L'O !! 1111.1 hours hours 24 hours 4ý hours 

R, (Kohm*cni') 

Composite specimen - 
Average 

4.84 16.12 71.09 235.12 

Centre - Average 0.61 2.54 16.43 20.45 23.26 

Outside - Average 0.85 2.41 11.00 32.13 40.87 

Table 8.10. R average values for both the central and the outside region, for 

different time exposures, for an increase by 22rnV to the value of EC°rr, at 35°C. 

Time 30 nuns 2 horns 4 
-hours 

24 hours 48 hours 

(1/(KOhnr*cni`)) 

Composite specimen - 
Average 

0.206 0.062 0.01 1 0.004 

Centre - Average 1.629 0.394 0.061 0.049 0.043 

Outside - Average 1.179 0.415 0.091 0.031 0.024 

Table 8.11. R average values for both the central and the outside region, for 
1' 

different time exposures, for an increase by 22rnV to the value of E;, at 35°C. 

Exposure lime 30 m ins 2 hours 4 hours 24 hours 48 hours 72 hours 

ANODE Centre Centre Centre Centre Centre Centre 

Potential Difference (mV) 4,5 5,6 6,7 11,11 11,11 11 , 11 

Potential Difference - 
Average (mV) 

4.5 5.5 6.5 11.0 11.0 11.0 

Current passing 
From Anode to Cathode 

( A) 

0.2,0.3 0.2,0.2 0.1 0.0,0.0 0.0,0.0 0.0,0.0 

Current passing 
From Anode to Cathode 

( A) - Average 

0.25 0.2 0.1 0.0 0.0 0.0 

'f'able 8.12. Electrochemical behaviour, potential difference, and galvanic current 
bet%ýeen the two areas on tile concentric specimen, at 35"C. 
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8.2. Microscopical examination. 

The results of the microscopical examination on the concentric specimens 

after the tests, are presented in the following sections, 8.2.1. for Cu-10%Ni and 8.2.2. 

for Marine]. 

8.2.1. Cu-lO%rNi. 

The appearance of the central and the outer specimen, of a concentric 

specimen, subjected to liquid impingement at 17m/s at ambient temperature 19°C, 

after an exposure of 48 hours and 72 hours, was very similar to the 48 hours 

composite specimen. Figure 8.14. shows that after 72 hours a black film covered the 

entire surface and the etched structure underneath the film was visible. This behaviour 

was typical for the centre and the outer specimen after 48 and 72 hours. 

} iýurc ti. 14. Cu-1U'(' Ni. ConLcntric, V=17m/a, 7T11ours, T=35"C, T. W. L. 
A black film covered the entire surface with the etched structure 
underneath the fill" still visible. 
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8.2.2. Marinel. 

After exposures of 48 and 72 hours at ambient temperature 19°C, subjected to 

liquid impingement at 17m/s, the centre specimen was looking almost identical to the 

composite specimen after exposure of 48 hours, Figure 6.89 and Figure 6.90, with the 

entire surface covered with an almost continuous black film. A black film also 

covered the outer regions after 48 and 72 hours, but under the microscope it appears 

to be not quite as thick and continuous as the one at the centre of the specimen. 

At 35°C, the appearance of the concentric specimen was the same as for the 

composite at the same high temperature. 
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Chapter 9 

Discussion of Results of Cu-10 %Ni and Marinel. 

9.1. Comparison between Cu-10 %Ni and Marinel for static 
exposures in 3.5% NaCl solution. 

Table 6.1 shows the total material losses from static tests in 3.5% NaCl 

solution at 19±2°C on both alloys. It is quite clear that both alloys present the same 

weight loss values for the first 4 hours, but after 70 days and longer exposure periods 

Cu-10%Ni was more corrosion resistant than Marinel. Both alloys displayed 

behaviour typical of the gradual establishment of a protective film. A thin yellow film 

covers the surface of both alloys after a 4-hour exposure. The observed trends in this 

respect between 4 hours and 210 day exposures, guide us to make the postulation that 

the eventual establishment of the protective layer will probably reduce any differences 

in corrosion behaviour between the two materials. 

Microscopic examination showed that the specimens that were exposed to 

3.5% NaCI solution at 19°C exhibited uniform general corrosion with an almost 

amorphous appearance. The most prominent feature resulting from the tests for both 

alloys was the apparent gradual development of a thin, patchy, discontinuous surface 

film (see Figures 6.1,6.2 for Cu-10%Ni and 6.3 for Marinel). 

Some evidence of the metallurgical structure was also observed on the Marinel 

alloy after 70 days and longer exposure periods to 3.5% NaCI solution at 19°C. This 

provides more evidence that this higher-Ni alloy may be inherently somewhat less 

corrosion resistant than Cu-10%Ni. 

These findings are consistent with the assumption that this uniform layer of 

corrosion products acts as a protective film and comes into agreement with 

information in the literature that copper-nickel alloys display significantly lower 

[86 
corrosion rates after initial protective film formation is complete , 94] 

The experimental results showed slight evidences that the Marinel alloy might 

not possess as good static corrosion resistance as the Cu-1O%Ni. 
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9.2. Effect of impinging velocity on the short-term, erosion-corrosion, 
behaviour of Cu-10 %Ni and Marinel in 3.5% NaCl solution. 

This section discusses the erosion-corrosion behaviour for exposures up to 4 

hours to 19±2°C. 

9.2.1. Effect of impinging velocity on the total weight loss by erosion corrosion. 

As Table 6.8 and Table 6.18 demonstrate, both alloys Cu-10%Ni and Marinel 

exhibited a general trend of increasing total weight loss with impinging velocities. 

Another general feature is the lower material loss experienced by Marinel, although this 

is somewhat less evident in some of the results at low velocities on account of the small 

weight losses relative to the accuracy of the balance, 0.1mg. As the impinging velocity 

increases, the superiority of Marinel, with lower total weight losses, becomes evident. 

An interesting feature was the measurement, via cathodic protection tests, of a 

small amount of pure erosive losses on the Cu-10%Ni alloy, Table 6.9. In contrast pure 

erosion damage on Marinel was negligible except at the highest velocity of 86m/s. 

The total weight loss data for Cu-10%Ni in Table 6.8 and for Marinel in Table 

6.18, provide an indication of a step in the overall weight loss/velocity relation between 

2.38-4.5m/s for Cu-10%Ni and between 4.5-17m/s for Marinel. However, these data are 

complicated somewhat by being comprised of tests with two different nozzle sizes. In an 

attempt to see if relating the weight loss to a more fundamental hydrodynamic parameter, 

the weight losses were plotted in terms of Reynolds number. 

The Reynolds Number, Rei is defined as: 

Velocity * NozzleDiameter 
Re = KinematicViscocity 

V *d 
Y 

where the kinematic viscocity of seawater at 20°C is y=1.1*10"6 m2/s, but for 

simplification reasons the used value in this work is, y= 10"6 m2/s. 
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The impinging velocities expressed in Reynolds numbers are presented in Table 

9.1. 

Diameter. (mm) 0 1 4 4 4 4 1 1 1 

Velocity. (m/s) 0 4.5 2.38 4.5 7.5 11.7 17 59 86 

Reynolds No. 0 4500 9520 18000 30000 46000 17000 59000 86000 

Table 9.1. Impinging velocity / Reynolds numbers data. 

Although the weight losses/Re graphs, (Figure 9.1, Figure 9.2), did provide more 

of an impression of a more smooth weight loss/hydrodynamic severity relation there was 

still some evidence, (especially for Marinel), for a step in the plot. This is of relevance to 

the analogous relationship, when the pure corrosion component of the total material loss 

is considered in the next section. 
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Figure 9.1. Total weight loss rate of Cu-10%Ni as a function of Reynolds number, at 
1 mm and 4mm nozzle after a 4-hour exposure. 
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Figure 9.2. Total weight loss rate of Marinel as a function of Reynolds number, at lmm 
and 4mm nozzle after a 4-hour exposure. 

9.2.2. Effect of impinging velocity on the direct corrosion component. 

The direct electrochemical corrosion rates, (obtained from Tafel extrapolations), 

were measured as function of impinging velocity after 30 minutes and 4 hours erosion- 

corrosion. 

9.2.2.1. Exposure time of 30 minutes under erosion-corrosion conditions. 

As Figure 9.3 and Figure 9.4 demonstrate, both alloys Cu-10%Ni and Marinel 

exhibited a general trend of increasing corrosion rate with impinging velocities, with Cu- 

10%Ni displaying substantially lower corrosion rates than Marinel, in 3.5% NaCl 

solution for 30 minutes under impingement conditions. However the corrosion 

rate/impinging velocity relationship is clearly complex for both Cu/Ni alloys, with a step 

in the corrosion rate/velocity curve and two apparently different populations at the two 

nozzle sizes. Moreover a plateau in the plot for Marinel was evident at the highest 

velocities. Another interesting feature was the different relative rates at the two nozzle 

sizes of the two alloys. 
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Figure 9.3. Instantaneous corrosion rate of Cu-1 O Ni as a function of impinging 
velocity at 1 mm and 4mm nozzle, after a 30-minute exposure. 
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Figure 9.4. Instantaneous corrosion rate of Marinel as a function of impinging velocity at 
I mm anal 4111111 nozzle, after a 30-minute exposure. 
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In order to assess a possible explanation for this complex relationship, an 

examination was made of the relationship between the corrosion rate and the Reynolds 

11061 
number, R, This approach comes into agreement with Syrett and Wing , who 

reported that in turbulent conditions it is more appropriate to relate the corrosion data to 

the Reynolds values rather than to the flow velocities. 

The average corrosion rate/Reynolds numbers data at the two nozzle diameters for 

the Cu-1M(Ni and the Marinel alloy, are shown directly in Figure 9.5 and Figure 9.6 

respectively. 
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Figure 9.5. Instantaneous corrosion rate of Cu-10%Ni as a function of Reynolds number, 
at 1 nun and 4mm nozzle, after an exposure of 30 minutes. 
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Comparison of Figure 9.3 and Figure 9.5, (for Cu- I O%Ni), shows that the results 

with the two nozzles move more closer together to the situation of one population, and 

also the step in the corrosion rate/hydrodynamic parameter relationship is more 

accentuated when plotted in terms of Re than when plotted versus velocity. The same is 

also true for Marinel. (Figure 9.4 and Figure 9.6), although the two nozzle-size 

populations are still quite distinct in the R, plots for this material, (Figure 9.6). 

9.2.2.2. Exposure time of 4 hours under erosion-corrosion conditions. 

The average direct corrosion rate/Re data at the two nozzle diameters for the Cu- 

iuc Ni and the Marinel allay, are 

respectively. 

compared directly in Figure 9.7 and Figure 9.8 

ýý, _ --... _ ............... 

--nozzle diameter=4mm 

-- nozzle diameter=lmm 
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Figure 9.7. Instantaneous direct corrosion rate of Cu-lO%Ni as a function of Reynolds 
number, at 1 mm and 4mm nozzle, after a 4-hour exposure. 
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Figure 9.8. Instantaneous direct corrosion rate of Marinel as a function of Reynolds 

number, at 1 mm and 4mm nozzle after a 4-hour exposure. 
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Clearly, the results obtained for Cu-10%Ni after an exposure of 4 hours, provide 

some evidence of a possible single relationship between the instantaneous direct 

corrosion rate and the Reynolds number, Re, for both nozzles, (Figure 9.7). As after 30 

minutes exposure, there is a clear step in the plot at intermediate Reynolds numbers, and 

the instantaneous direct corrosion rates for this alloy are again lower than for Marinel. 

The average instantaneous direct corrosion rate/Re plots for the Marinel, (Figure 

9.8), do not display a clear step like the one that was evident after 30 minutes exposure, 

(Figure 9.6), but one result at about 18000 Re, supports the notion of somewhat restrained 

corrosion rates at intermediate Re values. 

After 4 hours, the instantaneous corrosion rates for this material, obtained at 

impinging velocities up to 4.5m/s, were lower than after 30 minutes. 

9.2.3. Detailed mechanisms of attack. 

9.2.3.1. Direct Corrosion attack. 

It is generally accepted that the Cu/Ni alloys display increasing corrosion rates 

with increasing impinging velocities, but this work has revealed a quite complex relation 

in the early stages of exposure, over a wide velocity range as demonstrated schematically 

in Figure 9.9. 
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Figure 9.9. Schematic representation of the corrosion rate vs. impinging velocity. 

The very interesting trends in instantaneous corrosion rate of Cu-10%Ni and 

Marinel with velocity, displayed in Figures 9.3 onwards and schematised in Figure 9.9, 

do not appear to have been reported previously except for a very short Russian paper 

published 30 years ago, which studied the corrosion rates of Cu-10%Ni at 1.5,3,5,7 and 

1115) 
lOm/s A schematic curve with some resemblance to Figure 9.9 has been suggested 

by Lotz [152] 
and was said to be representative of erosion-corrosion of (unspecified) 

copper alloys in seawater but no actual experimental examples were presented or 

referenced. 

Some workers 
[1581 

using a rotating cylinder found that at high Re, (up to 37000), 

the corrosion rate of Cu, brass and tin-bronze was virtually independent of velocity; these 

findings appear to be analogous to region B on Figure 9.9. 

A plausible explanation of these trends is that the corrosion rates of the Cu/Ni 

alloys are subject to different modes of control, mass transfer or charge transfer at 

different flow rates, or even to mixed mass transfer/charge transfer control. The 

characteristics of each region in Figure 9.9 are discussed below: 
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Region A of Figure 9.9. 

The relation in the first region A, can be correlated with other work on corrosion 
[153 

of copper in saline solutions. Workers over a period of decades -155,159], have either 

demonstrated or argued that the corrosion of this metal, under static and moderate- 

velocity conditions, is under mixed charge transfer/diffusion control via the following 

reactions: 

Cu -* Cu' +e Anodic reaction. 

02 + 2H20 + 4e'-> 4(OH)" Cathodic reaction 

The products of the anodic reaction are said to undergo the following reaction: 

Cu++ 20" --> CuC12 

and that the transport of the copper complex from metal surface into the bulk solution, 

represents the diffusion control reaction, which is accelerated as the velocity increases. 

It has been postulated 
[155] 

, that as the velocity increases, the balance between the 

diffusion and the activation control, shifts to the latter - this trend being reflected as a 

gradual levelling off of the corrosion rate/velocity plot, (analogous to the region B above, 

but this aspect is discussed later in more detail). 

With regard to the diffusion control mechanism, it has been demonstrated and 
[153-155,158] 

argued that this does not involve the 02-reduction reaction, because this 

reaction is under activation control at the rather positive free corrosion potential. 

Turning to Cu/Ni alloys, a very recent paper 
[156], has reviewed previous works, 

largely on the basis of the temperature effect on seawater immersion corrosion of Cu- 

10%Ni alloy, but including a consideration of the corrosion behaviour in flowing 

seawater up to --lm/s. The paper reports the findings of increased corrosion rate of Cu/Ni 

alloys at flowing velocities in comparison to static conditions, and suggests, (without 
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evidence), that the increase in rate is due to the corrosion rate being under diffusion 

control of the cathodic 02-reduction reaction. 

However the present work does not support this claim, but demonstrates that, (in 

common with the behaviour of Cu, as summarised above), the corrosion process of Cu/Ni 

and Marinel, under static and moderate velocities is under mixed diffusion/charge 

transfer control. 

The evidences for this postulation are summarised as follows: 

f The consistent findings of more negative Egon values under impingement 

conditions than in static 3.5% NaC1 solution for both alloys. 

f The relation of the anodic polarisation curves, in the potential region 

immediately positive to E, o, r, (this is most clearly demonstrated in Figure 9.10 

for Cu-10%Ni after exposure of 4 hours, where the substantially-reduced 

slope of the anodic polarisation curve at 2.38 m/s compared to static 

conditions is clear). Also there is a further smaller reduction in slope for the 

4.5m/s, obtained with the 4mm-nozzle, curve. These features, (as also 

indicated, but with less clarity in the 30-minute tests, Figure 6.4a and Figure 

6.9a), would be expected if the anodic reaction was under partial diffusion 

control. 

f The fact that the cathodic polarisation plots do not demonstrate concentration 

polarisation effects, even under static conditions near to ECon as Figure 9.11 

reveals. Figure 9.11 shows that, despite some fluctuation, the gradient of the 

static curve over a range of -50mV negative to EcoR is very similar to that of 

all the curves at increasing velocities. 

283 



r I 

-120 

-170 

s E 
w 

-220 

-270 

-320 

;110 
I" 

20 30 50 

Static V=2.38m/s, 4mm 

V=4.5m/s, 4mm 

,I , 

V=4.5m/s, 1 mm V=17m/s , 1mm 
'E 

I 
!! 

ýý 

i, 

I 

, 

V=86m/s ,1 mm 

--------- --- ---- --- ---- - 
! 

I (µA)/cm2 

Figure 9.10. Anodic polarisation tests of Cu-10%Ni upon an initial exposure of 4 hours 
under the impinging jet. 
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Figure 9.11. Cathodic polarisation tests of Cu-10%Ni upon an initial exposure of 30 minutes 
under the impinging jet, (dashed line shows the gradient of static curve in potential region of 
50mV negative to E. ). 
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The same effects of flow on anodic and cathodic reactions as described above for 

Cu-10%Ni were also evident for the Marinel. The cathodic polarisation plots for Marinel 

around E,., were of similar gradient over the velocity range from static to 11.7m/s, 

(Figure 6.18b). On the other hand the anodic polarisation plots showed decreasing 

gradients in flowing conditions, (for instance compare 6.13b. and 6.17b. with the relevant 

corrosion weight loss/velocity plot, Figure 6.20). 

It is suggested that the above evidence, points incontrovertibly to a scheme of the 

influence of impingement on the active corrosion behaviour of both Cu-10%Ni and 
[152] 

Marinel alloys in the region A, essentially along the same lines as for Cu Thus the 

corrosion rate under static and these moderate hydrodynamic conditions is under mixed 

diffusion/charge transfer control of the anodic reactions, with the important step 

involving the outward diffusion of copper ions, or complexed copper ions, from anodic 

sites on the surface. 

The increasing corrosion rate with velocity/Re is due to accelerated outward 

diffusive flux of the anodic products through a diffusion boundary layer, öd, that 

decreases in thickness with increasing hydrodynamic severity. In other words, the 

instantaneous diffusive flux, J(Cu), is increased as Sd reduces according to Fick's ls` Law 

of Diffusion: 

-n(ý -ý) J, ,. _ lt-U) Sd 
where D is the Diffusion rate of outwordly-diffusing ions, 

CM is the concentration of the ions at the metal surface, 

Cb is the bulk water concentration of the ions. 

The situation is illustrated in Figure 9.12. 
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Figure 9.12. Schematic representation of concentration changes in diffusion boundary 
layer at different impinging velocities for a fixed time period. 

This scenario implies that the alloying elements, (Ni, Fe, Mn in Cu-10%Ni, plus 

Al, Cr, Nb in the Marinel), do not play a crucial role in influencing the rate of active 

corrosion. This is further supported by the feature that the corrosion rate of Marinel in 

static conditions and region A, is greater, (despite its enhanced alloying components), 

than for Cu-10%Ni. The influence of alloying elements becomes paramount in the 

formation of a film. This factor will be discussed later. 

Region B of Fi urg e 9.9. 

It is clear that must be a major change of corrosion mechanisms in this region 

compared to the region A. First it is worthwhile mentioning again the previous work on 

Cu, since some workers 
[155,158] have correlated their observations, of a gradual 

flattening off of the corrosion rate/impinging velocity relation, to a shift from 

predominant diffusion control to predominant charge transfer control in the mixed- 

control process. Such a mechanism might be thought to be also involved in the current 
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findings - especially with the recognition that pure activation control is consistent with 

the corrosion rate being independent of velocity, (as in region B). However, it is 

concluded that this scheme does not pertain to the present observations on Cu-Ni alloys 

for two reasons. 

First, it would be difficult to reconcile such a mechanism with the region of 

increasing corrosion rate with impinging velocity, (Region C. 

Secondly the observation in this work of the production of corrosion product 

films, on the surface of the specimens under the impingement conditions; there was some 

evidence of thin patchy films at 2.38m/s and 4.5 m/s, which is around about the velocity 

where the corrosion rate starts to become independent of velocity. The films were more 

prominent at 17m/s, as demonstrated by Figure 6.35 and Figure 6.36. Over the range to 

17m/s, the evidence of the grain structure confirms that the Cu-10%Ni was undergoing 

general active corrosion. For Marinel the correlation between microscopic features of the 

corrosion and velocity were not as clearcut as for Cu-10%Ni. One clear distinction 

between the two materials was a greater tendency for Marinel, compared to Cu-10%Ni, 

to form films in all conditions studied. 

Relatively thick but discontinuous films were evident on Marinel after exposures 

at 2.38m/s. At 17m/s the surface was extremely complex with patches of films of 

different colour and thickness, which might be interpreted as representing conditions 

where the hydrodynamic conditions are beginning to discourage a more uniform film 

formation. Again on Marinel at velocities up to 17m/s, the generally attacked metal 

structure could often be seen underneath the films formed. 

In general the evidence of etched structures even beneath the films, demonstrates 

that these films under these conditions up to 4 hours exposure are not especially 

protective as indeed the corrosion measurements imply, (the corrosion rate of 0.05mg/h, 

see Figure 9.3 and Figure 9.4, extrapolates to about 0.01cm/year metal loss). 

It is thus suggested, that the change in corrosion rate/hydrodynamic relation from 

re iý on A to region B, is associated with the formation of a film on the surface of the 

specimens. This film is stable over the velocity/Re range of region B, and its presence 

leads to a change of rate-control mechanism, to one of transport most probably of 
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products of anodic reaction through the film of constant thickness relating to a fixed time 

period. 

Over the range of hydrodynamic conditions in which the film is stable, such a 

mechanism is consistent with anodic and cathodic reactions occurring at constant rates. In 

this respect, Figure 9.11 shows the cathodic polarisation curves of constant gradient over 

the range up to 11.7m/s, and the anodic curves in Figure 9.10 show an anodic polarisation 

curve at 17m/s of a very similar gradient to that of 4.5m/s. 

Region C of Figure 9.9. 

In this region both alloys exhibited rapidly increased corrosion rates with 

increasing hydrodynamic severity. The plausible explanation of this change is that, as the 

hydrodynamic severity increases, eventually the film present in region B becomes 

unstable. Lotz suggested 
[152] 

that a steeply rising component like the region C was 

associated with a transition from mass transfer hampered by the presence of a corrosion 

product scale, towards the erosion of the scale. The evidence from the polarisation curves 

is that the corrosion rate again becomes under mixed control of the anodic reactions. The 

evidence for this can be seen in Figure 6.5b, where the slope of the cathodic polarisation 

plots are similar over the range of 17-->59-86m/s, providing evidence that the cathodic 

reaction is not controlling the overall corrosion rate. In contrast, as shown on Figure 9.10, 

there is a distinct flattening of the anodic polarisation curve at 86m/s compared to 17m/s. 

Thus it appears that transport of products of anodic reaction from the metal 

surface to the solution again becomes rate determining. The higher corrosion rates at 

higher velocities are likely to be related to thinner boundary layers. 

Strong evidence for this mechanism was provided by the absence of any film on 

the Cu-10%aNi after exposure at 86m/s for 4 hours. 

The question arises as to what are the detailed mechanisms of breakdown of the 

films? These appear to be two possibilities: 
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f Film instability is due to increasing hydrodynamic severity promoting 
[160] 

enhanced mass transfer ß which is considered to enhance the film 

dissolution. 

f Films are broken down or cannot form as a result of shear stresses 
[101] It is 

of interest to make some estimates of shear stresses on impinged specimens 

and to compare these values with the critical values for Cu/Ni alloys in the 
[101] literature 

2 -0.182 r 
-2 22,28] 

By using 
2w = 0.0447pu Re ýdý from the literature , and 

assuming that the wall jet region commences at about 
Id 

=2, the shear stresses within 

the wall jet region for different impinging velocities, (i. e. Reynolds numbers), were 

estimated and are presented in Table 9.2. 

where p 

u 

= 1020 Kg/m3 (density of seawater), 

= 4.5 m/s, 17 m/s and 86 m/s, 

R, = 4500,17000 and 86000, 

d= 10.3 m (diameter of the nozzle) 

(r/d) = 2. 

Ir - 
0.16pu2 

2 The maximum shear stresses were also estimated by using `m ý15/) 
d 

(although literature [271, 
recommends this equation only for H/d > 8), and are presented in 

Table 9.2. 

289 



Impinging Velocity 

(m/s) 

Reynolds numbers Max. Shear stress 
(Pa) 

Wall-Jet region Shear 

stress (Pa) 

4.5 4500 100 49 

17 17000 2000 560 

86 86000 50000 10000 

Table 9.2. Wall-Jet region and maximum shear stresses for different impinging 
velocities. 

Alloy Temperature °C Critical Shear Stress (Pa) 

Aluminium brass 12 19 
Cu-10%Ni 27 43 

Cu-30%Ni 12 48 

84-16 Cu-Ni + 0.5 Cr 27 297 

Table 9.3. Critical shear stress of Cu-base alloys in seawater ̀'v''. 

Clearly the calculated shear stresses are so small in magnitude that, as the 

literature suggests, (Table 9.3), it is hard to imagine it could cause erosion damage to a 

metallic surface, (320 MPa and 924-955 MPa are the tensile strengths for Cu- 10%Ni and 

Marinel respectively). 
However, the relationship between shear stress and flow rates is the matter of 

interest to the critical shear stress necessary for the breakdown of protective surface 
[27] 

layers on metals , which can be the cause of accelerated erosion-corrosion rates. 

At 4.5m/s, the calculated maximum shear stress clearly exceeds the critical value, 

43 Pa, measured for Cu-10%Ni by Efird [101] and even in part of the wall jet regions, the 

shear stress is around the critical value. Efird's calculations for the critical shear stress, 

were obtained for more mature films formed after longer periods, (30 days), in contrast 

with these very short experiments in the current work. Consequently precise correlation 

between the calculated and the quoted critical shear stresses is unreasonable. 
Nevertheless at 17m/s (Re=17000), the calculated shear stresses are an order of 

magnitude or more in excess of the critical values for Cu-10%Ni, and it is of interest that 
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these are the Re values at which the corrosion rate data showed a film breakdown, (Figure 

9.5). 

In contrast, the critical values obtained by Efird 11011 for a 84Cu-16Ni+0.5Cr alloy 

were much higher than for Cu-10%Ni. It is reasonable to assume that this figure is more 

representative of the behaviour of films on Marinel and it is noticeable, (Figure 9.6), that 

some of the data obtained in the present work indicated that the transition to higher 

corrosion rates was at a higher Re for Marinel than for Cu-1O%Ni. 

The above calculations and comparisons provide quite persuasive support for the 

idea that film breakdown occurs at critical values of shear stresses. Such a correlation 

does not necessarily prove that film breakdown involves a shear process; it could 

represent a correlation between shear stress and mass transfer, with the actual damage 

mechanisms involving instability of the film by increased mass transfer. 

Region D of Figure 9.9. 

This region was evident for Marinel only and involved a return towards much 

lower corrosion rate sensitivity to hydrodynamic conditions. The microscopic evidence 

revealed that most of the surface was covered by a much more continuous but thinner 

film at 86m/s, (Figure 6.96), compared to 17m/s, and this trend supports the idea of the 

development of a corrosion product film on the surface. This observation is in conflict 

with the suggestion by Lotz 11521 
that a plateau such as region D represents transport to 

the metal surface. 

It might be considered to be somewhat inconsistent to suggest film stability in 

region B, followed by film breakdown in region C and film stability again in region D. 

However, the films formed on Marinel at 17m/s and 86m/s were clearly quite different, 

leading to the notion that different intensities of the hydrodynamic conditions might 

support in some way different types of film. Clearly though this tentative suggestion 

requires more investigation. 
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Nozzle size effect. 

There was some evidence of different corrosion rates with the two different 

nozzle sizes - although these differences were much reduced when the corrosion rate was 

correlated with Re rather than velocity, and also after a 4-hour exposure. 

The directly impinged region of a composite specimen would be expected to 

heavily influence the measured overall corrosion rate of the sample. With a higher 

proportion of the specimen surface subjected to the high-velocity jet, higher currents 

would be flowing in the specimen involving the 4-mm nozzle and, in the conversion of 

current to current density by division by the total specimen area, a higher current density 

and hence a higher specimen corrosion rate would be monitored - as observed for the Cu- 

10%Ni material. 

The different behaviour of Marinel, i. e. lower corrosion rates with the 4mm 

nozzle up to -12m/s, may be associated with a more enhanced film formation on the 

surface, in the directly impinged zone, after the 30-minute exposure. 
After 4 hours, the implied corrosion rates for this material were lower than after 

30 minutes, implying a more established surface film, which might well diminish any 

nozzle-size effects. 

9.2.3.2. Pure Erosion and Synergy. 

The results indicated a contribution from pure erosion on erosion-corrosion of Cu- 

10%Ni even at the lower velocities, but the erosion material loss did not appear to be 

particularly sensitive to impinging velocities up to 17m/s. There was a significant 

increase in the erosion damage between 17 and 86m/s. 

The erosion damage on Marinel was undetectable up to 4.5m/s, but modest levels 

of erosion were recorded at higher velocities. Substantial contributions from the 

synergetic factor were obtained for both materials but particularly high values, (>60%), 

for Cu-l0%Ni were obtained at the highest velocities. 
Discussions of the detailed mechanisms of pure erosion and synergy, are best 

accomplished after the general discussion of the findings over the entire range of 

conditions studied (including the effect of temperature); i. e. in section 9.5. 
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9.3. Effect of time on the erosion-corrosion behaviour of Cu-10%Ni 
and Marinel in 3.5% NaCl solution. 

The effect of time, up to 48-72 hours, was studied in detail at the impinging 

velocity of l7m/s and to a lesser extent at 86m/s. 

9.3.1. Total erosion corrosion. 

As Table 6.12 and Table 6.22 demonstrate, both alloys Cu-10%Ni and Marinel 

showed an increased total weight loss with increased exposure time periods, with the only 

difference that, in the case of Cu-10%Ni, the rate of material loss appeared to be at a 

constant rate up to 8 hours with a fall somewhat thereafter, (from 0.25mg/h over an 

exposure period of 8 hours, to an averaged figure of 0.18 mg/h after 48 hours, impinged 

at 17 m/s). For the Marinel, the rate of material loss decreased constantly with the 

passage of time. The total weight losses for Marinel were lower than those for Cu- 

10%Ni, by a factor of 2-4 at 17m/s, but to a reduced extent at 86m/s. The films were 

more established on the surfaces of the alloys after these long time periods, but those on 

Marinel gave much better overall erosion-corrosion protection as discussed later. 

As was observed in the 4-hour tests, the pure erosive component had a very small 

contribution to the total weight losses in Marinel's case, Table 6.23, especially at the 

lower impinging velocity of 17m/s, with the pure erosion weight losses found to be very 

low, as expected for a liquid impingement on a metal. The general trend for both alloys 

was the higher pure erosion weight losses at the higher velocities, and the noticeable 

decrease in the rate of erosion damage and its percentage contribution to the total material 

loss, with increasing time. 

At the impinging velocity of 86m/s both alloys showed a greater rate of total 

weight loss damage. 
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9.3.2. Direct corrosion component. 

9.3.2.1. General features. 

Higher direct corrosion rates at 86m/s compared to 17m/s were clear for both 

alloys. The following discussion focuses mainly on the more-detailed study at l7m/s 

impinging velocity but with comments also on behaviour at 86m/s. 

For Cu-10%Ni, there was good correlation between the Tafel extrapolation 

measurements and the linear polarisation monitoring exercise, which demonstrated 

(Figure 6.26b), a complex relationship between corrosion and time in jet impingement 

conditions. The overall impression was that the corrosion rate was `cycling' between 

lower and higher values over the 72-hour test period. 

The major feature of the direct corrosion behaviour of Marinel (again shown with 

good agreement from the two types of electrochemical measurement) was the substantial 

reduction in corrosion rate after a 4-hour exposure, which followed the initial period of 

increasing corrosion rate. This decline in corrosion rate was observed at both 17m/s and 

86m/s, and was shown by the more detailed monitoring at 17m/s to be maintained until a 

higher corrosion rate was measured after the 48-hour exposure. Thus the time 

dependence of direct corrosion also seemed to be complex on Marinel. However, it might 

be appropriate to suggest that the corrosion rate of Marinel was also cycling but over 

longer periods of time than Cu-10%Ni. The corrosion rate of Marinel was greater than for 

Cu-10%Ni at short times (up to 8 hours), but was significantly lower at longer exposure 

periods. 

For the impinging velocity of 17m/s, the detailed anodic and cathodic plots of 

Marinel, Figure 6.56a-b and Figure 6.57a-b, indicate that, as at the shorter times, (Figure 

9.10), the corrosion rate was under anodic control. Thus, there is a substantially enhanced 

polarisation of the anodic reaction between 4 and 8 hours at 17m/s, followed by a slight 

depolarisation at longer time periods. This trend correlates extremely well with that in the 

V V. results (Figure 6.59b). The depolarisation of the anodic reaction at 86m/s 

compared to 17m/s (Figure 6.56a-b) was confirmed. In contrast, all the cathodic 

polarisation curves were of similar gradient. 
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For the impinging velocity of 86m/s, both the anodic and the cathodic reactions 

after an exposure period of 8 hours impingement are slightly more polarised than at 4 

hours. 

Despite the very complex trends of corrosion rate with time, for Cu-10%Ni there 

was good correlation between the anodic polarisation curves and the linear polarisation 

data. Thus, from Figure 6.23a, the anodic polarisation curves after 4 and 8 hours were 

very similar implying similar corrosion rates - in agreement with the linear polarisation 

data in Figure 6.26b - and there was a clear additional degree of polarisation, evident on 

the anodic polarisation curve after 72 hours compared to 48 hours and again this is in 

agreement with the trend on Figure 6.26b. There was also an obvious feature of a clear 

depolarisation of the anodic polarisation curves after 4 hours and 8 hours at 86m/s 

compared to 17m/s. Most of the cathodic plots displayed similar gradients confirming the 

view that the corrosion process in not under cathodic control, during the periods of times 

and the range of velocities studied. 

The most distinctive feature of the longer exposures at 17m/s of Marinel, was the 

more pronounced and more uniform surface film after 8 and 48 hours, as compared with 

the one established after the 4-hour exposure period. The presence of these films 

coincides with the much lower direct corrosion rates after 8-hour and 48-hour exposures, 

compared to the results after 4-hour exposure time, Table 6.24, and thereby demonstrates 

that these were conferring a substantial degree of corrosion protection even under the 

impinging conditions. Moreover the observed concurrent decreasing rate of total weight 

loss with the passage of time, (Table 6.22), indicates that these surface films on Marinel 

were providing a significant protection against overall erosion-corrosion damage. 

Another interesting feature for Marinel is that the Ni/Nb particles were obvious 

even after an exposure period of 8 hours under 17m/s impingement Figure 6.82, showing 

that they are not directly involved either in the corrosion process or the film formation. 

Microscopical examination of Cu-10%Ni specimens did not reveal any distinctive 

difference after erosion-corrosion at l7m/s for 4->8--948 hours exposure periods. Thus 

the constant feature was of fairly deeply etched structure over the entire surface. The 

etched surfaces displayed a variety of colours signifying the presence of very thin surface 

films. It should be emphasised that these films were very much less evident than the ones 
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on Marinel, described in the proceeding paragraph. It seems clear that there is a much 

less significant role of the surface corrosion products in conferring significant direct 

corrosion and erosion-corrosion protection on Cu-10%Ni under the impingement 

conditions of 17m/s and 86m/s over the exposure times studied in this research. 

9.3.2.2. Corrosion mechanisms. 

The most appropriate way of attempting to interpret the above-described complex 

features of the time trends in the corrosion processes is to commence with a consideration 

of the corrosion of Marinel at an impinging velocity of 17m/s. The following corrosion 

mechanism is proposed. 

The corrosion rate in the early stages of exposures is under mixed 

diffusion/activation anodic control via diffusion, (as described in section 9.2.3), of 

products of the anodic reaction across a diffusion boundary layer. With the passage of 

time the concentration of the anodic products continually increases at the metal surface 

and this produces a steadily increasing concentration gradient across the boundary layer, 

as presented in Figure 9.13. This facilitates an increasing corrosion rate with time as 

observed for Marinel up to 2 hours. Eventually, the concentration of anodic products 

reaches a value that corresponds to the solubility limit of some copper-base compound, 

which thus forms a film on the metal surface. At this point in time, corrosion control 

switches from diffusion of soluble ions across a diffusion boundary layer, to diffusion 

across a solid film, i. e. corrosion is at a slower rate. Moreover, if it is postulated that the 

rate of film thickening is greater than that of dissolution at its outer surface, then the 

continual increase in film thickness accounts for the observed progressive fall in 

corrosion rate. 
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Figure 9.13. Schematic representation of concentration changes in diffusion boundary 
layer at different time periods for a fixed impinging velocity. 

The films grown on Marinel were clearly observed (Figure 6.80) to be irregular, 

leading to an increasing degree of surface roughness on a micro scale. It is well known 

that rough surfaces promote local turbulence and hence accelerate mass transfer 

processes, and possibly elevate local shear stresses. It is thus considered that, after the 

period of steadily diminishing corrosion rates (Figure 6.59b), the surface roughness has 

become sufficient to lead to destabilisation of the film by one or both of the mass 

transfer/shear stress processes. It is quite likely that the above sequence would then be 

repeated on a cyclic basis, but only the first possible phase, of a second cycle of 

increasing corrosion rate with time, has been observed within the time-scales of these 

experiments in this research. 

An additional question relates to what extent the proposed corrosion mechanism 

would pertain at different velocities than the 17m/s, the behaviour at which it has been 

applied. The fewer measurements and observations at 86m/s revealed the expected higher 

corrosion rates but with evidence that films can still form in such severe impinging 

conditions. At velocities lower than 17m/s it can be postulated that the films may take 

longer to establish, (on account of the lower corrosion rates that lead to the enhanced ion 
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concentrations at the metal surface), but might be stable for longer periods in the less- 

severe hydrodynamic conditions. 
The clearer cycling of corrosion rate on Cu-10%Ni at 17m/s might be thought to 

support a similar mechanism as the one described above for Marinel. However, the films 

formed on Cu-10%Ni were never observed to be more than of interference-colour 

thickness, which implies a similar ratio of dissolution to growth of the film. Thus their 

formation would not be expected to confer the same degree of protection at 17m/s as 

these on Marinel, (this rationale would also support the findings of no observable films 

on Cu-10%Ni at 86m/s). Consequently although the presence of the film on Cu-10%Ni 

causes a reduction in corrosion rate, (as shown for instance between 16 hours and 24 

hours in Figure 6.26b), the corrosion rate does not fall to as low values as the corrosion 

rate for Marinel. The periods of increasing corrosion rate, say after 40 hours, may also be 

caused by film destabilisation due to increased mass transfer caused by surface 

roughening. Supporting evidence comes from the observation of increased surface 

roughness of Cu-10%Ni with the passage of time as demonstrated in Table 9.4. 

Initial 4 hours 48 hours 

R. (µm) 0.02 0.06 0.35 

Table 9.4. Roughness values for Cu-1O%Ni at 17m/s for different exposure periods. 

The above discussion has focused on the role of surface films in causing 

reductions in the corrosion rate. The question arises: what is the composition of the 

surface corrosion products? The investigations in this work focused on gathering 

information on the overall nature of the erosion-corrosion phenomenon on these Cu-Ni 

base alloys and no attempts have been made to identify the composition of the surface 

corrosion products. It is generally considered that, in the long term at low flow velocities, 

the protective corrosion product on Cu-10%Ni comprises a main inner layer of Cu2O 

with an outer layer(s) containing CuO and various other compounds including possibly 

atacamite Cu2(OH)3C1 and lepidokrokite (FeO(OH)) [86]. The lepidokrokite represents 

the beneficial effects of iron addition to Cu-10%Ni. Some authors 
[153,161] have 
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suggested that a top layer of atacamite provides the corrosion resistance on account of its 

low solubility, but others 
[106] have suggested atacamite to be present as porous patches 

on top of the oxide film, which are not likely to be protective. 

The thicker and clearly more protective corrosion products forming on Marinel 

must be associated with the additional alloying components which can promote a 

quicker-forming and more hydronamically resistant film, than on Cu-10%Ni. The key 

alloying elements are almost certainly aluminium and chromium, with some limited 

previous studies to support this notion. The presence of Al in Cu/Ni alloys has been 
[149] 

observed to yield improved durability in a recent investigation by Clark et al , who 

showed that Hiduron 191, (15%Ni, 5%Mn, 1%Fe, 1.4%Al, bal Cu), possesses superior 

jet impingement resistance at 9.2m/s after a 28-day exposure, and general corrosion 

resistance in sea water compared with both Cu-30%Ni and Cu-10%Ni., probably because 

of the beneficial effect of the aluminium additions in increasing hardness and promoting 

a more readily formation of a passive surface layer. Moreover Kear et al 
[154] 

reported in 

a very recent paper, that additions of aluminium form a protective corrosion product layer 

of aluminium oxide at nickel aluminium bronze, (which does, however contain much 

more Al, 9.58%, than on Marine]). It was therefore expected that because of its higher 

aluminium content Marinel should be at least as good as Hiduron 191. 

Anderson and Efird [84] 
reported that the addition of chromium up to 3%, increase 

the hardness of Cu-10%Ni and allows its use in contact with flowing seawater at 

velocities higher, (6-8m/s), than those permitted, (2.5-4m/s) for the chromium free alloy. 

Also Efird 
[101] 

conducted experiments in flowing sea water at velocities up to l8m/s, 

and after 30 days exposure time, (direct corrosion or erosion-corrosion rates were not 

measured), he suggested that even a very small addition of chromium, up to 0.5% to a 

cupronickel with 16% Ni and balance copper, greatly increases the adherence or the 

protective film, thereby significantly extending the seawater velocity limits for the alloy. 

Alhajji 
1109] 

performed similar tests with a copper nickel alloy of similar type (16%Ni - 

balance Cu), with a chromium addition of 0.7%, and his results, obtained with the linear 
[101] 

polarisation technique after 4-hours tests at 6.1m/s, confirmed Efird's postulation 
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Laboratory seawater corrosion tests carried out by Anderson and Badia [1271 
confirmed 

that the addition of a nominal 0.5% Cr to copper-nickel alloys (15-38% Ni) can provide a 

marked improvement in sea water impingement corrosion resistance for a range of sea- 

water velocities up to 8m/s. 

In summarising, these rather restricted previous studies provide evidence of 

beneficial association with separate additions of Cr and Al to Cu-Ni alloys. The present 

study has demonstrated in much more detail substantial improvements in erosion- 

corrosion resistance, brought about by the combined presence of both these elements in 

small quantities, (1.78-1.88%Al and 0.31-0.56%Cr). 

Clearly it would be of interest to contact studies, (e. g. using X-ray photo-electron 

spectroscopy, "XPS"), to identify the films forming on the erosion-corrosion conditions 

studied in this work. 

9.3.2.3. Further comments on the percentage contributions of the direct 

corrosion component to the total weight loss. 

A surprising finding in this study was the low percentage contribution to total 

weight loss attributed to direct corrosion especially for Cu-10%Ni, under all conditions 

studied. This poses the question as to whether the evaluation of the instantaneous 

corrosion rates from the Tafel slopes, and/or the estimations of the 'integrated' weight 

loss due to the direct corrosion component, (i. e. `area under the graph' method), have 

been seriously underestimated in this work. 

To check this possibility, the results for Cu-10%Ni at 17m/s for an exposure 

period of 4 hours, are now re-evaluated. For this case the pure corrosion component was 

determined to be 11%, (Table 6.11). Let us, for the sake of argument, consider the 

possibility that the percentage of the true pure corrosion contribution is say 77%, and try 

to assess if it is possible, that the computations that resulted in the 11% value, could by 

re-assessment, reasonably move towards to the 77% value. There are two possible 

sources of error. 
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1) The `integrated' technique represents a serious underestimate. With 

reference to Figure 6.22, the only reasonable re-assessment would be to assume 

that the instantaneous corrosion rate between 30 minutes and 4 hours is constant 

at the 4-hour value, as represented in Figure 9.14b. 

ý . _. /ý 
ta) (b) 

L' V] !3 
ý0F 

ý 

ýý ýý 
oý 
cý 

30-mins 4- Time 30-mins 4- Time 
hours hours 

ý.., N 

"-ýi 
Ü 

(c) 

I 
30-mins 4- Time 

hours 

Figure 9.14. a) Figure similar to Figure 6.22, b) Constant instantaneous corrosion rate 
between 30n-ins and 4 hours, at the 4-hour value, c) Constant instantaneous corrosion 
rate for the whole 4-hour exposure, at the 4-hour value. 

This would lead to an additional increment, (equal to A3 in Figure 6.22), 

to the `area under the graph' calculations. Reference to the calculations in 

6.3.1.1.3 reveals that this would yield a direct corrosion weight loss increased 

from 0.11mg to 0.15mg, which, (Table 6.11) would only increase the percentage 

corrosion contribution to about 15%. 

Even assuming a constant rate of corrosion equal to that at the 4-hours 

value, as demonstrated at Figure 9.14c, (hence ignoring the 30-minutes result), 
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will lead, (Table 6.10) to a direct corrosion weight loss of 0.16 mg in 4 hours, 

which (Table 6.11), would still only represent a percentage of 16%. 

2) The other possible source of error is the Tafel slope plot. In order for the 

direct corrosion component to be around say 80%, Table 6.10 and Table 6.11 

would indicate that the i, oR value would need to be about 5-7 times that, obtained 

from the duplicate Tafel plots and presented in Table 6.10, i. e. 8.75 jA/cm2. In 

other words i. R would have to be around 45tA/cm2, which is clearly a 

completely unrealistic assessment of the Tafel slope. A similar checking exercise 

on the 86m/s for the Cu-10%Ni after a 4-hour exposure result, (Table 6.11), leads 

to the same conclusion, namely that the direct corrosion contributions have not 
been seriously underestimated, as presented in the Chapter 6. 

As another example, in order to confirm the low direct corrosion 

percentage contributions, Figure 9.15 presents the obtained anodic and cathodic 

plots for the Cu-10%Ni after exposure of 4 hours under a 4mm impinging jet at 

4.5m/s. From Table 6.11, for the direct corrosion to be equal to the total weight 

loss, the pure corrosion weight loss, (=0.13mg), would have to be elevated by a 

factor of 5, and even assuming a constant rate at the 4-hour instantaneous rate of 

8.5pA/cm2, this would require an ico, r of over 40 µA/cm2 which as shown by 

Figure 9.15 is clearly unrealistic. 
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Figure 9.15. Anodic and Cathodic polarisation plots of Cu-10%Ni after exposure of 4 
hours under a 4mm impinging jet at 4.5m/s. i. T=8.5 pA/cm2. The ® indicates the 
necessary i value for the total weight loss to be dominated by the direct corrosion. 

It is of interest to refer to a paper 
[157], in which this issue was discussed against a 

background of a review of the literature. The author suggested plausible explanations, of 

overestimates of the total weight loss from electrochemical corrosion measurements, in 

terms of the electrochemical technique, but he considered that the many underestimates 

of the total damage from electrochemical measurements were more difficult to explain. 

He suggested that such underestimates arose because the discreet instantaneous corrosion 

rates obtained electrochemically can represent serious underestimates because they do not 

accurately account for the high rates of corrosion in the early stages of exposure. Others 

[156], have also made similar suggestions and there is little doubt that these represent at 

least partial reasons for underestimates. However, the present work demonstrates that, 

certainly under jet impingement conditions, an additional factor is the occurrence of pure 

erosion and synergetic modes of attack in erosion-corrosion circumstances. 
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9.4. Comparison between Cu-10%Ni and Marinel for the effect of 
other parameters on erosion-corrosion processes. 

9.4.1. Effect of impingement angle on erosion corrosion processes. 

Probably the most relevant point to make about the experiments at different 

impinging angles is that they did not reveal any clear-cut influences. Indeed it was 

impossible to infer any trends from the tests on Marinel (Table 7.6). A feature here was 

the rather low total weight losses exhibited by this material. Longer experiments might 

provide some clear relationships. 

As indicated by Table 7.1. the Cu-10%Ni alloy, after an 8-hour test at 17m/s, 

exhibited two populations in terms of similar total weight loss rates, i. e. of about 0.20 

mg/h for the Q=45° and the 0=600, and of about 0.26 mg/h for the 0=30° and 0=90°. 

Clearly the rate of the total weight loss was higher for the 0=300 and 0=90°. 

Further investigation of the total weight losses for the 0=30° and 0=900, in terms 

of the detailed mechanisms of attack, revealed a complex situation in terms of the 

impinging angle influence. Even though the rate of the total weight loss was the same for 

Cu-10%Ni, for these two angles, the weight loss values of synergy and the pure erosion 

weight losses appeared to be higher at 0=90° than at 4=30°, with the converse situation to 

appearing for the instantaneous direct corrosion losses, (Table 7.4). This shows how 

complex the erosion corrosion behaviour is, emphasising the futility of simply 

transferring angular relationships obtained from dry erosion, through to aqueous erosion- 

corrosion. 

The evidence of substantially higher direct corrosion rates at 30° compared to 90° 

impingement was obtained from the separate exercises of Tafel extrapolations (Table 

7.3), linear polarisations (Figure 7.4) and examinations of the slope of anodic polarisation 

curves, (Figure 7.1a). 

A possible explanation of the higher corrosion rates at 300 impingement is that a 

larger area, compared to the 0=90°, is influenced by the hydrodynamic effects, i. e. the 

turbulent conditions of the jet cover a larger area on the surface, resulting in faster anodic 
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and cathodic reactions. The similar trend was also noticed for Cu-10%Ni, when higher 

corrosion rates were presented with the 4mm nozzle after 30-minutes and 4-hour tests at 

0=90°. 

Microscopical examination of the Cu-10%Ni specimens after the tests at 0=30° 

and ¢=45°, showed the same surface features as after the same exposure time at the same 

velocity, (8 hours, 17m/s), at ý=900, i. e. the etched structure implying uniform attack on 

the metal with a tendency for a thicker surface film away from the impinged zone. For 

Marinel a discontinuous acicular surface film was apparent under the jet at all impinging 

angles, supporting the evidence that the more enhanced film formation on the surface of 

Marinel occurs in the directly impinged area. A clear difference between the behaviour at 

0=90° and the other angles was the appearance of the film at the outer regions of the 

specimen. At ý=90° a more discontinuous dark film was present, but at the other angles 

an etched structure together with the Ni/Nb particles was apparent, with a slight evidence 

of a thin film formation. 

9.4.2. Effect of salinity on erosion corrosion processes. 

As indicated by Figures 7.5a-b. the direct corrosion rate remained the same with 

salinity variations, (1.75% NaCI and 3.5% NaC1 solutions), for the Cu-10%Ni alloy. This 

[1191 
is in agreement with previous work , suggesting that the results obtained by the 

linear polarisation method showed no significant difference for Cu-10%Ni, in film- 

forming tendencies between the normal sea water and the double-concentration type. 

9.4.3. Effect of temperature on erosion corrosion processes. 

When the temperature was increased from 19°C to 35°C, the Cu-10%Ni as 

indicated by Table 7.7. demonstrated a clear trend of increasing weight loss with 

increasing temperature, from about 8.8mg at 19°C, to 10.9 at 35°C. A recent review 
[156] 
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of the literature on effect of temperature on corrosion resistance of Cu-10%Ni concluded 

that exposure to sea water with low flow rates, (e. g. 0.6 - 1.5m/s), leads to much lower 

short-term (4-days) and long term (6 years), corrosion rates at 40°C than around 15-25°C. 

The short-term trends at 40°C were attributed to a rapid formation of a protective surface 
layer. 

The present work did not reveal a clearly visible enhanced tendency for the 

production of thicker surface corrosion products at 35°C, (Figure 7.15), than at 19°C, and 

these corrosion products did not appear to be especially uniform or very protective. It 

thus appears that the impinging velocity of 17m/s override the tendency for a faster 

protection film to form on Cu-10%Ni at 35°C, but the situation might well be more 

conductive to protective corrosion products at these elevated temperatures, when the 

velocities are lower. Moreover, as Ijsseling et al pointed out 
1931, 

there may be benefits 

associated with a pre-conditioning of Cu-10%Ni at temperatures perhaps around 35- 

50°C, in inducing longer term improved corrosion resistance. It certainly would be 

interesting to test this idea to erosion corrosion behaviour with such a pre-treatment at 

low velocity followed by assessment of its effectiveness at high velocity. 
For Marinel, the obtained total weight losses at 35°C showed lower values than 

the ones at 19 T. After the end of the experiment the film formed on this material at 

35°C was more difficult to remove that the one formed at 19°C. The film was more 

abundant at the centre than at the outer areas of the specimen. It appeared that between 

the patches of the film, only a faint evidence of he etched structure was apparent, 

supporting the better erosion-corrosion resistance of Marinel at high temperatures. This 

provides an indication that the development of the films on Marinel, is not only time - 

and velocity dependent, but also temperature dependent. It is apparent that the film 

formed on Marinel at 35°C contributes to the measured increase in erosion-corrosion 

resistance compared to 19°C. 

When the specimens were cathodically protected the same pure erosion weight 

losses were obtained for the 35°C as for 19°C, Table 7.9, supporting the trend that the 

increase in temperature did not affect the erosion component. 

In accordance with the microscopical observation, the anodic polarisation curves, 

Figure 7.6a-b, indicated the gradual establishment of a passive film on Marinel at 35°C, 
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and this was accentuated with the passage of time. Clearly, as Figure 7.7 suggests, 

Marinel exhibited better corrosion resistance at 35°C than at 19°C. This trend is supported 

by the linear polarisation tests, Figure 7.9c, which confirm that the corrosion rate 

decreases dramatically, supporting the notion of a rapid development of a protective film 

on the surface even in the severe 17m/s impingement velocity. The results also show, that 

the temperature increase did not significantly affect the E°Orr values. 

Another interesting feature is the large proportion due to the synergy to the total 

weight losses at the high temperatures, i. e. from 0.06mg and 3% of the total weight loss 

at 19 °C, to 0.87mg and 70% at 35 °C, after a 48-hour exposure. 

As already mentioned at the end of section 7.3.2.4, it was decided to run another 

experiment at 35°C at 4 hours at 17m/s. The average total weight loss of this test was 

0.4mg, demonstrating the fact that the total erosion-corrosion rate was falling with time, 

(as were the direct corrosion rates), at 35°C. Further estimates of the approximate values 

of pure erosion and direct corrosion in the initial 4 hours of exposures at 35°C were made 

as follows. 

Table 7.10 shows that the instantaneous direct corrosion weight loss after a 4-hour 

exposure at 17m/s at 35 °C is 0.018 mg/h. Assuming a constant direct corrosion rate for 

the whole 4-hour exposure period, the weight loss due to the direct corrosion component 

is 0.018*4 = 0.072mg. 

Table 7.9 shows that the pure erosion loss at 17m/s at 19°C after a 48-hour 

exposure was 0.2mg, and this weight loss value remained unaffected with the temperature 

increase. As a consequence it is expected that the pure erosion weight loss at 19°C at 

17m/s after a 4-hour exposure, (=0.1mg), will remain the same even at the elevated 

temperature of 35°C 

Summarising the above trends, the percentage contribution of the synergy on the 

total weight loss after a 4-hour exposure at 35°C at 17m/s, is calculated and presented in 

Table 9.5, together with the 48-hour results from Table 7.12. The data in Table 9.5 

demonstrate the large contribution of synergy throughout the entire 48-hour duration of 

the experiment. 
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Exposure time 
(hours) 

Average total 
weight loss 

(mg) 

Average pure 
erosion weight 

loss (mg) 

Average direct 
corrosion 

weight loss 
(Mg) 

Synergy - 
average (mg) 

4 0.4 0.1 0.07 0.23 
% 25 17.5 57.5 

48 1.25 0.2 0.18 0.87 

% 16 14 70 

Table 9.5. Weight losses due to pure erosion, direct corrosion and indirect corrosion 
(synergy) effect, at 35°C after a 4-hour and a 48-hour exposure at 17m/s. 

An important feature of the data in Table 9.5 is that it demonstrates a clear trend 

of reducing rates of total material loss with time. Thus the average total weight loss in the 

period 0--*4 hours is 0.1 mg/h, where the average total weigh loss in the period 4-448 

hours is 0.85/44 = 0.02 mg/h, i. e. an approximate five-fold reduction in erosion-corrosion 

rate. This implies extremely good long-term performance of Marinel at 35°C but clearly 

this indication needs to be verified by longer-term experiments. 
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9.5. Erosion and Synergy mechanisms. 

An interesting finding in this work was the involvement of pure erosion in the 

erosion-corrosion phenomena, on the Cu-10%Ni alloy, even at the lower velocity 

impingement. It may seem surprising that pure mechanical damage should occur in liquid 

impingement conditions, but this has been detected [64,162] during the erosion-corrosion 

of cast iron and Ni-Cr-Si-B-C cermet, in the same general test conditions as these 

employed in the current research. 

The calculations in section 9.2 and by others 
[101], demonstrate clearly that direct 

damage to the metal by the shear stresses occurring from the hydrodynamic conditions 

are not implicated. 

It is considered that a factor in the production of the pure erosion damage was the 

presence of air bubbles entrained in the impinging jet. A number of workers have 

previously demonstrated or postulated 
[67,161], 

that impinging air bubbles can cause 

enhanced damage during erosion-corrosion of Cu-Ni alloys. In the present work the re- 

circulation system was open to the atmosphere and conditions in the reservoir tank were 

very agitated. Support for this notion was provided by: 

i) the observation of pits on the surface of specimens in the direct 

impingement zone even after the cathodic protection tests, 

ii) the severely pitting damage directly under the jet, on Cu-IONi at 86m/s 

during erosion-corrosion tests, (Figure 6.49), 

iii) and the existence of the pits on Marinel although to a much lesser extent, 

(Figure 6.102). 

Surface damage caused by collapsing air bubbles, might be thought of as 

somewhat akin to cavitation and it may be that this phenomenon is involved in the 

erosion process. Indeed sharp distinction between erosion and cavitation is probably 

difficult in conditions of high-velocity impinging jets. 
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At low velocities the superiority of Marinel, as a designed high strength material, 

over the Cu-10%Ni was unquestionable, with the total absence, (in the range of the 

balance), of the pure erosion contributor on the total material loss, as indicated by Table 

6.11 and Table 6.21. Even at the impinging velocity of 17m/s, the pure erosion weight 

losses for Marinel are low, and only at the highest velocity of 86m/s was the erosion 

component significant on this alloy. Moreover previous and concurrent studies in this 

laboratory on titanium alloys , have not revealed any obvious signs of pure erosion 
[96] 

damage. 

The short study at elevated temperatures on Marinel revealed that erosion rates 

ere not greater than at 19°C which seems to be a reasonable expectation. 

The contribution of synergy was significant, (and in some cases substantial), on 

both alloys. The experiments on Marinel under potentiostatic anodic-polarisation 

conditions demonstrated, section 6.3.2.3, the important role of synergy in the overall 

erosion-corrosion process. The actual mechanisms involved are not easily apparent. In 

the work of high velocity impingement on cast iron 1641, 
the synergetic factor was related 

to corrosion attack at graphite/matrix interfaces, but no similar large-scale microstructural 

features are present in the two alloys studied in this work. 

For Cu-10%Ni for both velocities and at all times, the dominant contributor to 

overall erosion-corrosion material loss is the synergy, with values remarkably similar in 

the range 60-69%, (Table 6.15). One realistic synergy mechanism was indicated by the 

observation that after cathodic protection at 86m/s, (and to a slight extent after 48 hours 

at 17m/s), two pitted regions were apparent on the Cu-10%Ni, (Figure 6.50), but surface 

profiles demonstrated that the penetration of this pits was very small. The relative 

intensity of attack at these pitted zones under free erosion-corrosion conditions and 

conditions of cathodic protection, is indicative of a synergy mechanism on Cu-10%Ni - 

namely accentuating of the pitting erosion damage by simultaneous corrosion processes. 

Another minor contribution to synergy on Cu-10%Ni might have been the erosive 

dislodgement of non-metallic inclusions promoted by corrosion at the interfaces. 
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The proportions of total material loss attributed to synergy for Marinel ranged 

substantially from a few % over long exposures at 19°C to 70% over the same exposure 

and the same impinging velocity (17m/s) at 35°C, Table 7.12. 

It is suggested that this may be associated with the film properties. At 19°C, the 

instantaneous corrosion rate at 48 hours is much higher (0.033mg/h) than at 35°C 

(0.0006mg/h), Table 7.10. Since this level of corrosion protection at 35°C was achieved 

gradually over the first few hours (Figure 7.9c), the implication is that, during this period 

the film was growing at a faster rate than it was dissolving. If the growing film is 

considered to have become increasingly rough on a microscale, this would result in high 

local turbulence which would accelerate the film "dissolution". This could be either by 

mass-transfer-accelerated chemical dissolution or by mechanical processes associated 

possibly with shear or turbulence-promoted forces (i. e. turbulent bursting stresses), as 

suggested by Poulson [38]. It is suggested that this "film-loss" process represents the 

synergy mechanism which accounts for a high proportion of material loss in these low- 

corrosion, stable-film, conditions at 35°C. 

This suggested synergy mechanism implies that, eventually the film would thin 

down and corrosion protection would be lost. Indeed this mechanism is essentially the 

same as that proposed in section 9.3.2.2, to account for the eventual upturn in corrosion 

rate after -40hours at 17m/s at 19°C. Longer experiments at 35°C would "test" this 

notion. 
In contrast, at 19°C and 48 hours, the corrosion rates were higher implying the 

absence of a highly-protective film. In other words at 19°C the material loss is dominated 

by the direct corrosion process with only minor synergy contributions. If this concept is 

correct, total material loss measurements and synergy calculations in the time period 16- 

40 hours at 17m/s, at 19°C (Figure 6.59b), would yield to high values for the synergy. 
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9.6. Local Hydrodynamic Aspects. 

As summarised in Chapters 2, an important feature of the jet impinging test is that 

there exist a variety of local hydrodynamic regions over the specimen surface with, for 

example, variations in mass transfer and degree of turbulence. Thus the expectation is, for 

the different hydrodynamic zones of the specimen, to exhibit significant variations in 

degree and type of corrosion and erosion-corrosion attack. The longer exposures led to 

the clear visual evidence of hydrodynamic zones on the surfaces of the specimens for 

both alloys. Moreover in the most-severe conditions in this programme, 86m/s 

impingement velocity, localisation of the damage, in the form of pitting in central regions 

and also in a zone of pitting about 4.5mm out from the directly impinged zone, was 

evident, Figure 6.49. This implies a hydrodynamic effect associated with a turbulent zone 

outside the stagnation zone as is generally supported - as discussed in Chapter 2. 

Notwithstanding the above points, the overall evidence from most of the 

observations in this study was of no major difference between the erosion-corrosion 

behaviour in the different hydrodynamic zones of the specimens. The justification for this 

statement is as follows: 

With the exception of Cu-10%Ni at 86m/s, the microscopical examination 

did not reveal any substantial differences in the various hydrodynamic zones - 

even on specimens where hydrodynamic zones had been apparent visually. 

. Evidence, especially on Cu-10%Ni, of a generally etched surface - 

signifying general active corrosion. 

. Similar surface profiles across the entire specimen; e. g. Figure 6.41, which 

demonstrates the Cu-10%Ni specimen after an exposure period of 48 hours at 

17m/s. 

Almost identical electrode potentials for central and outer specimens. 

Extremely low galvanic-currents flowing between the central and outer 

specimens. 

Of course, there were some variations in behaviour of the different hydrodynamic 

zones in the impinged specimens. Thus higher corrosion rates (inferred from the linear 
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polarisation tests) were measured in the central specimens compared to the outer one in 

the concentric sample experiments. It should be noted that the diameter of the central 

specimen, (4mm for Cu-10%Ni and 6mm for Marinel), was greater than the jet diameter 

(I min), thus this specimen would have included the highly-turbulent zone which jet- 

impingement-theory predicts. Consequently thinner different boundary layers would be 

present on the central specimen and this would explain the higher corrosion rates. 
Nevertheless, the degree of corrosion rate enhancement was not very large; the ratios of 

corrosion rates, central specimens: outer specimens were only about 2.3-3 for Cu-lO%Ni 

and about 1.5 for most of the test on Marinel. The experiments on Marinel at 35°C, 

indicated similar, very low corrosion rates on both the central and outer specimens after 

the initial 4 hours (Figure 8.13). 

The (admittedly tiny) electrode potential differences between the outer and central 

specimens, i. e. the outer sample being slightly anodic for the entire exposure period on 
Cu-1(Y Ni and the initial exposure period with Marinel, are difficult to rationalise. The 

polarity reversal on Marinel (in which central specimen eventually became the anode) 

was probably associated with the breakdown of the corrosion product film, because of its 

roughness - as argued earlier in section 9.3.2.2. It is of interest in this respect that this 

switch in polarity coincides with a rise in I (Figure 8.8), which was of greater 
I 

magnitute for the central specimen. 

The microscopic examinations revealed the presence of surface film in many of 

the contitions studied, but it is difficult to determine clear differences in the films formed 

on different parts of the impinged surfaces. In any case the films on Cu-10%Ni were 

generally extremely thin - interferance with colours. 

The corrosion products on Marinel were often non-uniform on a microscopic 

scale but with a general impression of thinner, more-continuous films in the outer zones 

of the specimens. 

In summary, the jet impinging conditions employed in this research have induced 

active corrosion on the specimens and hence have provided information of relevance to: - 
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" The behaviour of Cu-Ni-base alloys under erosion-corrosion conditions 

and the tendency towards the formation of protective or partially 

protective corrosion product films on the surface. 

" The anodic, active regions of active/passive cells in practical 

circumstances of localised corrosion of Cu-Ni-base alloys. 

In relation to the second point above, substantial galvanic interactions have been 

[107 
measured or postulated , 153,161] (with much lower galvanic currents than these 

measured in this work), to pertain between highly-turbulence active and lower-turbulence 

passive areas in copper and its alloys. This feature highlights the fact, mentioned above, 

that the hydrodynamic conditions, performing in the experiments conducted in the 

present work, did not simulate active/passive cells. The latter situation would require 

specimens of larger size than the ones employed in this study. 
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9.7. General comments on relevance of findings to overall behaviour 
of copper-nickel-base alloys. 

The extensive previous investigations of corrosion behaviour have been largely 

concentrated (for obvious reasons) on long-term studies. The major outcomes of the 

previous work have been: - 

" demonstration of a gradual decrease in corrosion rates over long periods (e. g. years) 
[86] 

of time 

" realisation of velocity limits for satisfactory performance of copper-nickel alloys. 

Although it has been recognised that such velocity limits must be "conditions 

dependent", figures of around 3-4 m/s are widely quoted for Cu-1O%Ni pipes. 

This research has focused on the detailed short-term, erosion-corrosion behaviour 

of these materials and has validity on its own, contributing to the understanding of 

behaviour in these circumstances. The previous sections of this chapter have discussed 

the results in that context. Nevertheless, it is of interest to discuss how the present 

findings might relate to erosion-corrosion over longer timescales. 

The first point to consider relates to the fact that the most of the experiments were 

conducted at velocities substantially in excess of those for which these alloys are 

recommended. The rationale for this strategy was to produce accelerated effects that 

would yield information (whilst hopefully of relevance to less-severe hydrodynamic 

conditions) amenable to interpretation with more confidence than from smaller effects 

(e. g. low weight losses) obtained at lower velocities. In any case, the choice of 17 m/s for 

most attention represented a velocity at the upper end of a velocity range at which 

corrosion rates (and to an extent total material losses) were found to be constant. 

The findings of substantial contributions to the overall material loss from pure 

erosion and corrosion-induced erosion ("synergy") are entirely novel. (Incidentally, this 

represents a justification of experiments at relatively-high velocities since such 

contributions were indicated on Cu-10%Ni at the low velocities of 2.38m/s, but were 
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confirmed at the higher velocities. ). Although the mechanisms of pure erosion and 

synergy were not particularly-well elucidated, the erosion process was demonstrably 

associated with "impact events" which are considered to involve entrained air bubbles 

which are likely to be present in many practical circumstances. 

As attested by the many previous investigations, the jet impingement set-up 

employed in this research is recognised to reasonably simulate practical situations where 

"local geometry" (e. g. obstacles) can cause fluid jets. The finding, that the material losses 

are not especially severe simply at perpendicular impingement, implies a wider spectrum 

of vulnerability. 

In this study, no significant galvanic interactions were detected between the 

directly-impinged and wall jet regions. Galvanic effects have been postulated in the past 

as an important feature in the hydrodynamically-induced, localised corrosion of copper- 

base alloys. As discussed in section 9.6 the obvious interpretation of this feature 

(supported by other observations) is that, in the experimental set-up utilised in this study, 

the entire specimen was acting as an actively- corroding element. 
The benefits of alloying with aluminium or chromium separately on the durability 

of copper-nickel alloys have been indicated by limited previous studies, as discussed 

earlier in section 9.3.2.2. This research work has considered this aspect over a range of 

conditions and has shown that an alloy containing both aluminium and chromium, 

(Marinel), possesses rather lower corrosion resistance than Cu-10%Ni in quiescent saline 

solution, but it has demonstrated unequivocally the superior performance of Marinel in a 

range of erosion-corrosion conditions. 

The behaviour of Marinel at 35°C, points to important aspects of improved 

erosion-corrosion resistance of this material at temperature elevated above 20°C. 

Although the same benefits were not found for the Cu-10%Ni alloy in the limited 

investigation of this aspect, there is reason to believe from some previous studies that 

similar effects may prevail for this alloy in some circumstances (e. g. less-severe 

hydrodynamic conditions? ). 

The observations of the complex time effects on erosion-corrosion behaviour 

perhaps represent the most intriguing aspect of this investigation. Thus the measurements 

of erosion-corrosion rates of Cu-10%Ni and Marinel indicated a decreasing rate with 
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time, but the more-frequent monitoring of the pure corrosion rate demonstrated (certainly 

for Cu-10%Ni) that this was exhibiting cyclic behaviour. It seems reasonable to postulate 

that more-frequent measurements of total material loss would have revealed the same 

time effects as the pure corrosion ones. In any event, the early decline in the rates of both 

total weight loss and direct corrosion were observed for Marinel to coincide with the 

formation of surface films which are thereby postulated to provide a degree of protection. 

However, calculations of the metal loss by corrosion at the minima of Figure 

6.26b and Figure 6.59b, show that the instantaneous corrosion rates, (equivalent to 0.08 

mm/year for Marinel and 0.1mm/year for Cu-10%Ni) at 17 m/s, are an order of magnitude 

greater, than the long-term rates in "flowing" seawater 
[86]. The question arises as to 

whether, as in the case of the evolution of corrosion rates over long periods in less 

hydrostatically demanding conditions, these early-forming corrosion products in 

impingement corrosion conditions could be a precursor to more-protective surface films 

becoming established - perhaps after numerous rate cycles of diminishing amplitude? 

9.8. Comments on relevance of findings to general erosion-corrosion 
of engineering materials. 

One of the objectives of the research was to study the erosion corrosion of copper- 

nickel alloys because of their "intermediate property location" between materials (e. g. 

carbon steel, cast iron) with extremely poor corrosion and erosion-corrosion resistance, 

and materials (such as stainless steel and titanium) with good durability at least to 

aqueous streams without solids. 

In this respect the major finding of the work was that of substantial pure erosion 

and synergy contributions in liquid impingement. Actually this is not the first such 

observation. As mentioned in section 9.5, a similar situation has been observed 
[64] 

during the liquid impingement of grey cast iron BS 1452 in 3.5% NaCl, where 

contributions of 16% erosion and 60% synergy were determined at 17 m/s and 18°C. 

Also pure erosive contributions of 20-30% have been measured during erosion-corrosion 

of Ni-Cr-Si-B-C cermet at 17m/s in 3.5% NaCl. 
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Of course, during solid/liquid erosion-corrosion it is well accepted that pure 

erosive damage and interactive mechanisms such as synergy (or related phenomena) are 

involved. 

In contrast stainless steels and titanium possess excellent resistance to liquid 

impingement. Recent studies have demonstrated good resistance of even standard 

austenitic stainless steel (316L) up to 70- 100 m/s at ambient temperature, and titanium 

appears to resist attack at 72m/s even at the elevated temperature of 50°C. Such 

contrasting behaviour points to the crucial role of a rapidly forming, hydrodynamically 

resistant and re-forming passive film in resisting attack (by corrosion or erosion) during 

liquid impingement. 

This research revealed a complex time effect on the direct corrosion process 
during liquid impingement, but it is not known if this is a general feature in liquid 

impingement of vulnerable materials or just specific to Cu-10%Ni. 

Whilst discussing aspects of the erosion corrosion of Cu/Ni and stainless steels, it 

is worthwhile noting that there is a fundamental mechanistic difference in that localised 

corrosion of stainless steels, initiates at low-flow areas (e. g. under crevices) whereas 

localised corrosion of Cu/Ni alloys can be initiated at high-flow zones. 
Further to these comparisons of the two groups of materials, it could be suggested 

that the behaviour of Marinel in this study, in some ways implies intermediate behaviour 

between the conventional Cu/Ni alloys and the stainless steels - in the sense of forming 

protection films more easily in high-flow conditions and more hydrodynamically resistant 

than conventional Cu/Ni alloys. 
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Chapter 10 

Conclusions and Further Work. 

10.1. Conclusions. 

A detailed study of the behaviour of the two Cu-Ni-base alloys under jet 

impingement conditions has demonstrated the extreme complexity of the erosion- 

corrosion process. The experimental arrangements resulted in behaviour which, apart 

from the most-severe conditions of 86m/s impingement on Cu-10%Ni, did not exhibit 

major differences between the various hydrodynamic zones, laminar, high turbulent 

and wall jet, of the specimen. The velocity-dependencies and the time-dependencies 

of erosion-corrosion damage were extremely complex and there were substantial 

differences in the behaviour of the two alloys studied. The main separate conclusions 

are listed below. 

V Over long periods, (7 months), the static corrosion resistance of Marinel appeared 

to be inferior to that of Cu-10%Ni at 19°C. 

V Over the entire range of conditions studied, the erosion-corrosion resistance of 

Marinel was substantially superior to that of Cu-10%Ni. 

V At 86m/s on Cu-10%Ni, the erosion-corrosion damage showed intense pitting 

attack on the central directly impinged zone and in a narrow region at a radial 

distance of about 4.5 mm, which undoubtedly corresponds to the maximum 

turbulence region associated with an impinging jet. 

"; " Apart from the above case, the erosion-corrosion damage was found to be 

generally similar in type over the entire surface and comprised general attack, 

manifested by etching of the surface, plus film formation. 

": " In the first few hours of exposure to impingement over the velocity range of 

2.38m/s-86m/s, (RE=4500-86000), the direct corrosion resistance of Marinel was 

inferior to that of Cu-10%Ni. 
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V Over longer exposure periods at 17m/s, the direct corrosion rates of Marinel were 

lower than for Cu-10%Ni. 

V In most of the conditions studied it was found that the direct corrosion accounts 

for only a proportion of the total material loss with significant amounts of pure 

erosion and often substantial proportions of corrosion-assisted erosive damage 

("synergy"). 

V The hydrodynamic conditions stimulated film formation on the surface of Marinel 

and to a lesser extent on Cu-10%Ni, but the films became unstable in some 

circumstances. The complex patterns of film formation and destabilisation appear 

to account for the complex effects of impinging-velocity and time on the erosion- 

corrosion damage rates. 

V The effect of increasing the impinging velocity on erosion-corrosion after 30 

minutes and 4 hours exposure was observed to lead to a general increase in total 

material loss but with some indications of a step in the weight loss/velocity 

relationship at intermediate velocities/Re. The direct corrosion rate was clearly 

seen to increase with velocity up to a range of velocities, at which the corrosion 

rates stabilised, followed by a subsequent increase in corrosion rate at higher 

velocities. 

": " The direct corrosion mechanism corresponding to the above trends, was 

rationalised in terms of mixed charge transfer/diffusion control of the anodic 

reaction at low velocities, corrosion rate stabilisation due to film formation at 

intermediate velocities and film breakdown, (leading to anodic rate control), at 

high velocities. 

": " At the impinging velocity of 17m/s the rate of the pure erosion declined with 

increasing time, but the corrosion rate/time relationships appeared to be cycling 

between high and low values. It is postulated that the initial phase of increasing 

corrosion rate with time is associated with increasing diffusion rates of anodic 

products across a diffusion boundary layer. Later, film formation introduces a 

period of decreasing corrosion rate. The subsequent period of increasing corrosion 

rate is thought to be associated with film breakdown possibly due to surface 
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roughness and mass transfer effects. It is thought that the above mentioned phases 

may be repeated to produce continued cycling behaviour. 

V The erosion contributions were found to be significant on Cu-10%Ni, but only on 

Marinel at very high velocities. Microscopical observations indicated that the 

erosion damage was due to impact events, for instance from air bubbles. 

V Synergy mechanisms have been proposed but it is recognised that in some 

respects (particularly for Marinel), these need to be clarified by further 

experiments. 

V Experiments with concentric specimens revealed a higher corrosion rate on the 

specimen, which encompassed the directly impinged and highly turbulence zones, 

than on the specimen comprising the wall jet regions. However, extremely low 

galvanic currents flowing between the two components of a concentric specimen, 

further demonstrated the absence of substantial differences in erosion-corrosion 

behaviour between the various zones of the specimens employed in this study. 

Thus the hydrodynamic conditions, performing in the experiments conducted in 

the present work, did not simulate active/passive cells. 

V The damage mechanisms for both alloys at different impingement angles were 

very complex, emphasising the futility to simply transfer angular relationships 

obtained from dry erosion, through to aqueous erosion-corrosion. 

V For Cu-10%Ni salinity variations did not appear to affect the direct corrosion rate. 

": " Although the erosion-corrosion rates for Cu-10%Ni were higher at 35°C than at 

19°C, the opposite was the case for Marinel. This interesting and potentially 

important finding for Marinel was correlated with a great attendance for the 

formation of more protective surface films at the higher temperature. 
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10.2. Recommendations for further work. 

V To conduct studies, (e. g. using X-ray photo-electron spectroscopy, "XPS"), to 

identify the films forming during the erosion-corrosion of the Cu-Ni alloys. 

V To conduct experiments at longer exposures to obtain trends for the complex time 

effects on erosion-corrosion behaviour of Cu-Ni alloys. 

V To test the idea of a pre-treatment at elevated temperatures in static conditions and 

also at low velocities, followed by assessment of its effectiveness at higher 

velocity and ambient temperature. 

V To expand on the findings of galvanic interactions between the inner and outer 

regions of specimens by a more detailed study of the behaviour of the concentric 

type specimens. It would be of great interest to try to simulate active/passive cells 

using specimens of larger size than ones employed in this study. 

V The mechanisms of synergy should be the subject of further investigation. 

V To conduct studies with impinging saline water containing moderate burdens of 

suspended solids, to ascertain if the deterioration mechanisms change from these 

in the absence of solids. 

V To conduct tests, in order to investigate the possible influence of specimen size on 

the erosion-corrosion process. 
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