
Naval Research Laboratory 
Washington, DC 20375-5320 

NRL/MR/6320.-03.8680 

Properties and Effects of 
Rinse Water Additives on tlie 
Corrosion Rates of Structural Metals 
Used for Marine Corps Ground Vehicles 

SAMUEL G. LAMBRAKOS 

KHERSHED P. COOPER 

NICKE.TRAN 

Physical Metallurgy Branch 
Materials Science and Technology Division 

PATRICIA P. TRZASKOMA-PAULETTE 

The National Academies 
Division of Military Science and Technology 
Washington, DC 

May 30,2003 

Approved for public release; distribution is unlimited. 

20030801 m 



REPORT DOCUMENTATION PAGE Form Approved 
0MB No. 0704-0188 Public reporting burdsn for this collection of Infomaflon Is estin 

SCO 

Won.a.,onHltdoesnc.dlsplavacurren.lvv.,.dOMBcon..ln"pSDrN'^^^^^^^ 

malntslninathadatanpPriBri =nrt „„„!=«„  =H     •   = esBmated to average 1 hour per response, Including the time for reviewing nstmctlons. seaiohing existlna data 
maintaining the data needed, and completino and reviewing this collecMon of Infomiatlon. Send comments regarding this burden estimate or any other asptt of thi Si 

— efense, Wa-"—i--ii---i .----  .      -  
Suite 1204, Arlington, VA22202-4302. Respondents should be awai 

sources, gathering and 

1. REPORT DATE (DD-MM-YYYY) 
May 30,2003 

4. TITLE AND SUBTITLE 

2. REPORT TYPE 
Memorandum report 

Properties and Effects of Rinse Water Additives on the Coirosion Rates of 
Structural Metals Used for Marine Corps Ground Vehicles 

6.AUTH0R(S) 

Samuel G. Lambrakos, Khershed R Cooper, Nick E. Tran, and 
Patricia P. Trzaskoma-Paulette* 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Naval Research Laboratory, Code 6320 
4555 Overlook Avenue, SW 
Washington, DC 20375-5320 

8. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

OfHce of Naval Research 
800 North Quincy Street 
Arlington, VA 22217 

12. DISTRIBUTION /AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited. 

3. DATES COVERED fFrom - To) 
April 2002-April 2003 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

5cl. PROJECT NUMBER 
N0001402WR20381 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

8. PERFORMING ORGANIZATION REPORT 
NUMBER 

NRL/MR/6320-03-8680 

10. SPONSOR / MONITOR'S ACRONYM(S) 

11. SPONSOR / MONITOR'S REPORT 
NUMBER(S) 

13. SUPPLEMENTARY NOTES 

*The National Academies, Division of Military Science and Technology, Washington, DC 

14. ABSTRACT " ~ — 

Corrosion of imlita^ eqmpment remains a serious problem. It affects both operational readiness and life cycle costs. Commercial additives 
have been propos^ for inclusion in fresh water rinses used to inhibit corrosion of military vehicles exposed to marine environments, llie perfor- 
mance data avalable for these products are qualitative and do not permit reliable Msessment of their utility or the anticipated level of pro^tion 
fcvestigation of the problem is complicated by the fact that during operations, military vehicles usually experience a wide range of environments 
that influence corrosion behavior. This work investigates the properties of commercial rinse additives and their influence on the corrosion rates of 
aluimnum md steel samples. The properties examined were the ability of additives to affect seawater-induced corrosion processes the level of 
inhibition observed as afimction of salinity of seawater, and adherence of additive to the metal surface. An attempt was made to estaMish abasis 
for predicting and ranking the value added by wash additives during practical application. 

15. SUBJECT TERMS 

Corrosion; hihibitor; Seawater; Surface plasmon resonance 

16. SECURITY CLASSIFICATION OF: 

a. REPORT 

Unclassified 

b. ABSTRACT 

Unclassified 

c. THIS PAGE 

Unclassified 

17. LIMITATION 
OF ABSTRACT 

UL 

18. NUMBER 
OF PAGES 

42 

19a. NAME OF RESPONSIBLE PERSON 
Samuel G. Lambrakos 

19b. TELEPHONE NUMBER (Include area 
code) 

(202)767-2601 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 



TABLE OF CONTENTS 

REPORT DOCUMENTATION PAGE. 

EXECUTIVE SUMMARY  

INTRODUCTION 

APPROACH  

EXPERIMENTAL PROCEDURES....... 

EXPERIMENTAL RESULTS 

DISCUSSION  

CONCLUSIONS  

ACKNOWLEDGEMENTS 

REFERENCES  

TABLES...  

FIGURES 

.J 

...1 

...3 

...4 

...5 

..6 

..8 

..12 

..12 

..13 

..14 

25 

Preceding Page Blank 
HI 



PROPERTIES AND EFFECTS OF RINSE WATER ADDITIVES ON THE CORROSION 
RATES OF STRUCTURAL METALS USED FOR MARINE CORPS GROUND 

VEHICLES 

EXECUTIVE SUMMARY 

tor the U. S. Military. A recent report estimates the cost of this problem to be $20 billion 
annually to the Department of Defense. A considerable portion of these expenses, $2 billion are 
attnbuted to ground vehicles used by the Army. As a specific example, in 1997 it was estimkted 
that the cost to replace corroded frame-rails on HMMWVs owned by the U S Marine Corps at 
one facility was $4.2 million. Corrosion related failures therefore adversely contribute to life- 
cycle cost, operational readiness and high manpower and resource waste. 

For the past six years a group of Naval Research Laboratory (NRL) scientists have been 
supportmg the Marine Corps in developing methods of corrosion control for ground vehicles 
(pnncipally HMMWVs) and light weapons systems. Their investigations include extensive 
interactions with the Marines during site visits to MARCORPAC, MARCORLANT and 
participation m military exercises at 29 Pahns and the Marine Corps System Command CPAC 
meetings. These interactions served well to identify and accurately describe significant 
coTOsion problems and to establish boundaries for solutions that could be immediately applied 
m the iiela. '^^ 

This report concerns a laboratory assessment of the value of using commercially 
available additives (originally designed for corrosion control in the boating and fishing 
mdustnes) dunng operational and maintenance flmhes intended to remove seawater and provide 
corrosion protection to ground vehicle structural metals, specifically, aluminum and steel This 
approach is being investigated by maintenance personnel on Marine Corps bases The NRL 
expenmental work was designed to mmimize variables and assure the presence of the additive 
dunng seawater exposures. In this way it was possible to observe whether a reduction in 
corrosion occurs and rank the performance of several additive products. No attempt was made in 
this study to evaluate the endurance of the additive effects after drying and repeated seawater 
exposures as wodd be encountered during operations. In scientific parlance this work represents 
proof of concept" testing or accelerated testing. 

The most important findings of this shidy are: 
(a) In aluminum, pitting is significantly increased in seawater containing some of the additives 

^i'^^f ""TfT^^ *®'^ ^^^'^'^^ '^°"^** ^® avoided for aluminum parts. In the presence 
ot ADD4 and ADD2. aluminum pits less than in unaltered seawater and these additives mav 
be recommended for aluminum. 

(b) Some of die additives provided poor protection to steel in seawater and these additives may 
be avoided. However significant reductions in corrosion rates are observed in diluted 

'■Corrosion Cost and Preventative Strategies in the United States." FHWA-RD-01-156, U.S. Department of 
Transportation, Federal Highway Administration, March 2002. 
Manuscript approved April 30, 2003. 



seawater and in ADD4, ADDS and ADD2 containing seawater, and these additives may be 
recommended for steel. 

(c) ADD4 and ADD2 may be recommended as wash additives for both aluminum and steel. 
(d) Laboratory tests show some correlation with the results of long-term field tests emulating a 

plausible seawater exposure scenario. 
(e) Rinse additives show different inherent levels of adherence and modifications to the surface 

conditions at a metal-seawater mterface from SPR. 
(f) Using the results from this study as a base line, follow-up work should examine the 

adherence of rinse additives once the aluminum and steel surfaces are dried and re-exposed 
to seawater as a simulated field condition. 



INTRODUCTION 

Operational maneuvers for military ground transport vehicles routinely include 
submersion m seawater and prolonged exposures to salt spray. Residual salt deposits combined 
with humidity dunng downtimes or storage promote the accelerated deterioration of metal 
components^ As a result it has been shown that the operational lifetimes of military vehicles can 
be reduced by more than 30o/o and the costs for replacing individual damaged parte^an be greater 
fZl f.. T T °^ *^' equipment. ^-^ Corrosion is a significant problem L all 
branches of the military because it affects readiness and life cycle costs of the operational 

of S"*" ^ °'^^' *° 'T^y *^^ P'^^^'"'' ^'°*^^^*^ ^*^ corrosion, maintenance facilities 
on military bases are exploring the use of commercial inhibitor additives to augment the 
recommended procedure for fresh water rinses following exposure of the vehicles to a corrosive 
environment. It should be noted that fresh water rinses are not always pmctical for the mili^ 
because of time constraints of an active military operation and uncertainty in the availability of 

In!!L?fI ^^'"^'^'*°'■ ^f^^^^' ^^^" ^""" ^"SS^^ted. However, evaluations of the 
appropnate treatments are complicated by the fact that it is very difficult to construct a ^typical- 
set of conditions for exposures of milita^ equipment to saltwater or salt spray enviromnents 

llmTTl^^ V'""'" ^"""*'*"*^"^ ^^'^ ^"PP°^i"8 *^ degree of effectiveness 7^k 
additive. In addition, for proprietary reasons, neither the additive ingredients nor details of their 
function are available so a credible evaluation cannot be made. 

There is a pressmg need to establish b^elme information concerning the effects of water 

foTof^^lM ?°"°''°". ^" ^" ""'""'■ '*"dy' ^'^^'"^'^ ^"d Sheetz^ "measured the weight loss of metal panels exposed to marine environments.  These panels were subjected to fresh 

tlJf Thefr f^f V^ f T ^^^^ f'^"^^^' ^""^ °"" y'^' ^^ ^^iS^ed before and after tiie tests. Their results showed a decrease of up to 30% (in the case of the weekly wash down) in the 
corrosion rate (weight loss) of saltwater-exposed steel periodically washed down with fresh 
water. As expected, the corrosion rate was less for a more frequent wash down cycle With 
Jes^hfftlXTT"' ^i ^°* showed that the depth of pits on aluminum was lower as a 
i^H /I^f/f ^**'' ^^'^''- ^^ '"^^y *^«° ^^^'^ded evaluation of the effects of rinses that 
he adlf^? ,f ■'°"°''°\^^^^^^ ^°' ^^ '^" experimental conditions. Results showed that 

the additives could improve tiie benefits of water rinses and that the degree of protection 
depended upon the additive. While Bierberich and Sheetz's^ assessment of the effects of 
additives was exhaustive (tests were replicated and performed in a broad range of test 
envnomnents) significant variations were observed between individual results. These variations 
are characrtenstic of weight loss measurements, however, and were compounded by unm^Med 
and, therefore, unknown changes within the marine environments. Temperature, humidity and 
composition of the environment are factors that can introduce a levef of uncirt^^ o'he 
solution of the problem of assessing the effectiveness of the additives. Nevertheless, weight loss 
experiments constitute a dkect measure of corrosion rates and a statistical analysis ofle^SsuS 
can how useful trends. Correlating weight loss results with other resulte, e.g., electrocheS 
results, can mitigate the uncertainty. cwuuuucmisuy 



APPROACH 

In this work, the fundamental properties of wash additives relevant to their application for 
corrosion control are examined through a series of laboratory-scale studies. In particular, the 
ability of the additives to inhibit the corrosion processes, especially in variable saline conditions, 
and their degree of adhesion to the metal surfaces were examined. Because of the high degree of 
variability shown by inhibitor activity, the analysis, by design, is statistical in nature. The 
objective is to use statistical information and correlations to establish a database of fundamental 
inhibitor behavior that can be exploited to develop reliable assessments of their benefits in field 
operations. The corrosion rates of metal samples immersed in artificial seawater containing 
recommended dosages of additive were determined. The corrosion rate was measured as weight 
loss. Several additives were evaluated. Aluminum alloy 6061 and 1018 steel specimens were 
selected because they are representative of the main structural materials in the construction of 
Marine Corps vehicles. Furthermore, the results could be compared to the outdoors marine 
exposures discussed earlier. The experimental set-up was not meant to mimic field conditions 
but rather to isolate conditions that are controllable and to assure the presence of the inhibitor 
additive against the metal. In this case the inherent ability of the additive to affect corrosion 
processes of each metal in seawater could be observed. The experiments were repeated with 
diluted seawater. This case represents the effects of the additives in reduced strength salinity as 
for example when the metal surface is rinsed of seawater. These conditions test the assumption 
that watered-down seawater may prove to be beneficial in instances when fresh water supplies 
are limited. 

Weight loss results were supplemented with another study involving surface plasmon 
resonance (SPR) spectroscopy. SPR is a surface sensitive optical reflectivity technique widely 
used for the study of the adsorption and character of organic and inorganic molecular layers (tens 
of angstroms thick) on metal surfaces. SPR was investigated as a method to examine the 
fundamental adherence tendency or sticking of the additive or its components to the metal 
surface. Surface plasmons are the aggregate of free electron oscillations in a metallic film. 
When the free electrons are set to oscillate (resonate) with an incoming light source, light energy 
is absorbed which results in changes in the reflectivity of the incident beam off the surface. The 
resonant condition is very sensitive to the local refractive index at the surface and so the 
adsorption of molecular species (whose character affects the refractive index) can be accurately 
detected. An understanding of the adhesion properties accompanying the additives will provide 
figures-of-merit for establishing inhibitor performance and important clues to the processes 
occurring at the metal surface. This study represents a preliminary analysis of adherence 
properties of inhibiting washes using a "surface specific" method based on optical reflectivity 
measurements. Such an approach is similar to that of Klenerman and coworkers, who studied 
the deposit of oleic imidazoline derivatives on steel in seawater using second harmonic 
generation (SHG) reflectance measurements.'^"^ In the present study we use SPR to explore the 
natural attraction or tendency of the additives to adhere to and distribute over metal surfaces. 
Another aspect of our approach is that it is based on the use of features that provide for a 
statistical interpretation of the reflectivity measurements. This approach was applied in a series 
of studies concerning the analysis of SHG measurements of reflectance from metal-electrolyte 
and thin fllm interfaces.'"'" 



EXPERIMENTAL PROCEDURES 

Immersion tests 

Standard immersion tests, described in detail elsewhere, '^ were used to study the effects 
ot the commercial mhibitor additives on the corrosion behavior of 6061 aluminum and 1018 steel 
specimens m seawater. Corrosion rates were determined as weight loss measurements We 
evaluated six commercial additives. In order not to reveal the identity of the products, we denote 
the inhibitor ad(Utives, listed in Table 1, as ADDl to ADD6. The manufacturer's description of 
each additive and recommended dilution level is also given in Table 1. Test samples were 1-inch 
^itu^^utf^^ ^^^^ ^^ ^ ^^^ '^""^ ^^-^^ ^°^> ^°"PO»s sectioned from test metal panels. An 
eighth mch (0 32 cm) diameter hole was drilled at one end of each coupon to suspend it using a 
nylon thread, from a plastic lid into a 200 ml glass jar. A quarter inch (0.64 cm) diameter hole 
was drilled mto the top of the lid for venting. All samples were rinsed sonically in methanol 
dned and stored m a desiccator until the tests were started. Figure 1 shows a photograph of the 
experimental set-up for the immersion teste. 

Artificial seawater was prepared by adding 4 oz of a synthetic sea salt Instant Ocean * to 
one gallon of distilled water. This was adopted as fall strength or fall salmity seawater. 
bolutions of the artificial seawater and the manufacturer's recommended w^h-additive dosage 
wereprep^ed. Exactly 200 ml of these solutions was added to the test jars. The metal samples 
were weighed dipped in seawater for 2 minutes and then suspended in the test solution for 3 
months. Distilled water was added to the jars weekly to adjust for losses due to evaporation of 
water. At tiie end of the 3 months, the samples were removed from the solution, rinsed with 
distil ed water and the corrosion products removed following standard procedures '^ The 
samples were then thoroughly dried, weighed, and the change in weight determmed. Additional 
teste were perfomed by adding the manufacturer's recommended dosage of the additive to stock 
solutions of artificial seawater diluted to half and quarter sfrength with distilled water   By this 
T^A    tf !'"? f *^ *f '°^"*^°^« ^^ ^^ed. Each test was repeated in triplicate to assess 
reproducibility of the resulte and to bring about a robust statistical analysis.   In addition to 
measumg the weight loss, the exposed samples were visually examined and photographed 
Reaction producte on the metal surface were noted and in one case an attempt was made at 
Identification. 

Surface plasmon resonance (SPR) spectroscopy 

uf^ ^A ^iS^l cover glass was cleaned with a hot "piranha" solution (30:70 v/v mixture of 
Tiol^f^    ■    '^' ""^ ^""^^ ^""^ ^^' deposited onto the cover glass from a gold coin 
A m n n1 ''''"^i^ ^^^""^ evaporator. Deposition was in a vacuum of lO'^bar and at a rate of 
u U2-0.04 nm s . The gold film thickness was determined using a crystal oscillator. Inhibitor 
fmZ^mm^'^f^^f *° *' gold-coated cover glass slips by spin coating each liquid 
additm at 8000 rpm for 60 s at room temperatare. The additive-coated surfaces were then r^dy 
tor i>FR analysis. In some exoerunents. the addirtvp-mfltPH c,ihct,-ot«c. „,»,^ „,„„!,.,j „.:.t.   •.,.. 

' Aquarium Systems, Inc., Mentor, OH, 



Figure 2. Here, a prism is used to couple the wave vectors of the incoming light beam with that 
of the plasmons. The glass prism was made of standard BK7 glass (90 degrees, 17 mm high, 22 
mm by 32 mm at the base, refractive index n = 1.5). Index matching fluid was used to index 
match the prism to the cover glass (n=1.51). The SPR instrumentation consisted of a 
semiconductor diode laser (HeNe, 1.0 mW, p polarized at 632.8 nm) as the light source. The 
polarized light is incident on the prism and reflected back from the base of the prism onto a 
photodetector. Variable angles were selected by means of a stepper motor controlled goniometer 
with a resolution of 0.1 degree. The data acquisition was completely automated, with a typical 
SPR scan angle (40° to 80°) taking 8 minutes. SPR scanning angle experiments, used in this 
study, follow reflectivity as a function of the angle of incidence of a light beam focused on a 
metal surface. Observed changes in reflectivity are used to examine the attraction and adherence 
of rinse additives or their constituents to the metal substrate. The specific mode of analysis 
adopted in our study is that used by S. S. Yee and coworkers'""'^ to study the nature of organic 
films on gold surfaces. In the present study, a gold substrate was selected for SPR testing of all 
additives as well as the seawater control. The use of gold is preferable for an examination of the 
inherent tendency of inhibitor additives to adhere to metal surfaces. It is assumed that minimal 
electrochemical events will occur at a gold surface in the test solutions used. 

The simplest interpretation of physical processes underlying SPR is of surface plasmons 
as surface waves which propagate through a medium consisting of free electrons of a given 
density distribution and relative mobility. These surface waves are induced by an incident light 
beam of given wavelength as shown in the schematic diagram in Figure 3. The free electrons 
that support the surface plasmons are interpreted as moving in a polarizable and screening 
background, which is associated with the bulk metal substrate. Any external influence, which 
niodifies the physical characteristics of this background or of the free-electron density 
distribution, will affect the characteristic mobility of the surface electrons and thus the oscillatory 
structure of the plasma waves. In particular, any external influence, which tends to constrain the 
characteristic mobility of the surface electrons, will tend to dampen the surface plasmons. This 
simple interpretation is sufficient for our analysis of adherence properties of inhibiting washes. 
For our analysis we consider changes in the density distribution and mobility of surface electrons 
supporting surface plasmons. Specifically, there is a direct correlation between the absorptive 
part of the complex refractive mdex or absorbance character of a sample layer and the amplitude 
of the resonance minimum observed in the reflectivity as a function of angle of incidence (or of 
reflection)." 

EXPERIMENTAL RESULTS 

Weight loss 

The raw data for weight loss measurements are given in Table 2 for the aluminum and 
steel samples. The table includes the dates the experiments were started and concluded. For 
each sample, sample #, additive, dilution, strength of seawater, sample dimensions, sample 
weight before and after the test, difference in weight and percent weight loss are reported. From 
the replicated percent weight loss results, averages and standard deviations (S.D.) were 
calculated. These results are given in Tables 3 and 4 for the aluminum and steel samples, 
respectively.   Furthermore, percent weight loss relative to that in unaltered seawater was 



determined as ratio of weight loss in additive to weight loss in seawater control. These results 
are presented m Table 5. Values of less than 1.0 imply that the inhibitor performed better than 
unaltered seawater, values greater than 1.0 imply that the inhibitor performed worse than 
seawater. Jhis was one way of examining the weight loss results assessing the merits or 
dements of inhibitor additives. Another way was to rank the inhibitor additives, along with the 
seawater control, from lowest to highest percent weight loss. Three plots were made for the 
three different seawater strength levels for each metal. Plots in Figures 4 and 5 show the additive 
rankings obtemed for aluminum and steel, respectively. In order to compare the influence of the 
vanous inhibitor additives on weight loss, the results were plotted as a function of seawater 
strength for the additives and seawater control. Figures 6 and 7 show the weight loss as a 
tunction of seawater strength for aluminum and steel, respectively. Results with additives 
having the least influence on weight loss were re-plotted to amplify their influence and are 
shown m Figures 6(b) and 7(b). . ^   J U cue 

Several observations are made from these tables and graphs. Results differ significantly 
tor flie two metals. In general and not surprisingly, weight loss or corrosion rate was higher in 
steels compared to aluminum. The effect of the strength or salinity of the seawater on weight loss 
was ambiguous. For aluminum, the weight loss trend appears to increase with increasing 
seawater strength for some of the additives, but not for others.  For steel, in additive dosed 
T^ff u   ^^'^^^ ^°'' ^""^ ""^^ *PP®"^ *° ^^v® ^y predictable trend m a function of seawater 
strength, however a significant decrease is noted from foil to half strength for unaltered seawater 
Compared to the seawater confrol, some of the additives worsened the corrosion behavior for 
bofli metals. Instead of inhibiting corrosion, these additives appear to have enhanced corrosion 
Other additives did improve corrosion behavior for both metals.   This is clearly seen in the 
rankings of the inhibitor additives according to weight loss. The worsening or improvement in 
corrosion behavior and its magnitude varied widely among the additives.   Additives that 
improved the corrosion behavior showed no particular frend with increasing seawater strength or 
salinity for both metals or, at the veiy le^t, the variations were within the error bars and, hence 
statisticdly msignificant.   ADDS, ADD6, and ADDl were found to be defrimental to both 
metals. While ADD2 was found to be beneficial for aluminum, ADDS and, to a lesser degree 
ADD2 were found to be beneficial for steel. ADD4 was found to be beneficial for both metals' 
both m the recommended dosage as well as in 4 times the recommended dosage. There appears 
to be very little difference in the results between the two dosages of ADD4 for both metals. 

Appearance of samples after exposure 

We observe that exposure of the metal samples in the various inhibitor additive 
environments appears to have resulted in two specific modes of corrosion for the two different 
metals. The alummum samples exhibited pitting-type corrosion. An example of the corroded 
surface of aluminum is shown in Figure 8. On the left is a coupon immersed in seawater 
containing ADD3. Note the isolated pits and the corrosion product around each. The steel 
samp es exhibited general corrosion when corrosion was acute. An example of a corroded steel 
sample after exposure to seawater containing ADD6 is shown in Figure 9. Corrosion products 
appear to fl^e off the surface of the steel coupon. For all other samples the corrosion product 
was a rusted color and large portions remained on the surface. The corrosion product was 
collected and to identify it, x-ray diffraction analysis was performed. Figure 10 shows the x-ray 



diffraction spectrum of the steel corrosion product. For comparison, a spectrum corresponding 
to the magnetite standard is superimposed on the graph. The close matching of the reflections 
indicate that the corrosion product on the steel sample immersed in ADD6 is magnetite or Fe304. 

Surface plasmon resonance (SPR) spectroscopy 

Surface plasmon resonance spectra of the gold substrate without and with additive 
coating and after washing the additive coated substrate with water and 1.0% NaCl are shown in 
Figures 11 and 12. The curves are of the reflected light intensity, the Reflectivity function, R, as 
a function of angle of incidence (the angle 9 is shown in Figure 3). The procedures for substrate 
preparation and subsequent inhibitor additive coating of the substrate were the same for each of 
the ineasured SPR spectra. Factors contributing to variability of the SPR measurements are the 
relative levels of substrate surface roughness and inhomogeneities within the surface covering. 
Each measurement was repeated three times and there was good consistency in the replicated 
results. The data are presented in two sets and a gold baseline was set for each as shown in 
Figures 11(a) and 12(a). This is because the measurements were made on two different days and 
this is reflected in the different scales for R. We analyzed the data further by noting the position 
(scan angle) and the amplitude of the minima in the spectra. These results are presented in Table 
6. From the results, we make the following observations. Runs with the two sets of bare gold 
("no wash") substrates are similar, the minima positions being near 46.4 and the amplitude (rR) 
of the minima being 0.46 for the first set and 0.57 for the second set. The "water wash" curves 
also have minima at the same angle as the "no wash" gold. The "NaCl wash" curves also have 
minima, but at a higher scan angle. The gold substrates coated with the inhibitors had different 
responses to SPR spectroscopy. The "no wash" curves for ADD2, ADD3, ADD6 and ADD4 
showed no minima. The "no wash" curve for ADDl had a minima at a scan angle near that of 
bare gold, but with a reduced amplitude. The "no wash" curve for ADDS was at a significantly 
lower angle and had a significantly reduced amplitude. After the "water wash" and "NaCl 
wash," minima appeared in all spectra. However, the position of the minima shifted by different 
amounts from that of the bare gold and the amplitude varied somewhat. 

DISCUSSION 

Weight loss and corrosion rate 

The weight loss results show that the corrosion rate is influenced by the additives and, not 
surprisingly, is different for the two metals. The steel samples showed a higher rate of corrosion 
than the aluminum samples under similar conditions. To determine the magnitude of this 
difference, the ratios of weight loss in steel to weight loss in aluminum for the different additives 
and for seawater control and for the different seawater strengths were determined and are given 
in Table 7. As expected, in unaltered seawater, the corrosion rate of steel is greater than that of 
aluminum, the ratio varying from about 21 to 62, depending on the additive. This underscores 
the tendency of steel to corrode more readily than aluminum in an aqueous environment. In the 
presence of inhibitors, the results are similar in most cases. However, the magnitude of the steel 
to aluminum ratio varied depending upon the inhibitor. For instance, in the cases of ADDl, 
ADD6 and ADDS, this ratio varied modestly, from 1.4 to 2.8. In the case of ADD4, this ratio 
was several times but consistent, varying from about 43 to 47. However, in the case of ADD2, 



this ratio varied widely, from a low of 35 to as much as 372. The exception was ADDS in 
which case this ratio was less than one for the higher seawater strengths and a little over 1 0 for 
the low seawater strength. The response of the steel samples to ADDS appears to be comparable 
or even more favorable than the response of the aluminum samples to the same additive. 

■ f From a practical point of view the weight loss resulte clearly indicate the importance of 
mformed inhibitor selection for metallic structures that will be used in a marine environment It 
is ciear that durmg total immersion in seawater, two of the additives tested, ADD4 and ADD2 
affected significant reductions in the corrosion rate of both aluminum and steel as compared to 
the seawater control. Additionally, in the case of steel, ADD3 also affected reduction in the 
cojosion rate relative to seawater. The aluminum coupons showed no detectable pitting at the 
end of the three-month test cycle and the steel coupons showed very little surface attack. 

The con-osion rate of aluminum remamed essentially constant with increase in seawater 
strength or salinity when immersed in the unaltered seawater control. Seawater salinity 
independence, at le^t within the measurement error, was observed when ADD4 of both 
dilutions, ADDl or ADD2 w^ added to seawater. When ADDS, ADD6 or ADDS was^dded to 
seawater, corrosion rate increased with increasing seawater strength. In the seawater control the 
corrosion rate of steel decre^ed significantly (by 50%) m the salinity of seawater was decreLed 
by half but remained essentially the same with fiirther reduction in salinity. It is possible that 
lower strength seawater even without the additives can provide some benefit for steel when fresh 
water for a wash cycle is scarce. In steel, the presence of any of the additives in seawater 
appears to have produced no predictable trend with seawater sttength. With some inhibitors 

A t  n   ^'^^.^^3, there appeara to be a mildly decreasing trend. These trends may not be 
statistically significant. ^ 

^alysis shows that for additives that worsen the corrosion response, the strength or level 
of salinity of seawater does influence weight loss in aluminum but not in steel. This is contrarv 
to the observation that the level of salinity in unaltered seawater had no influence on aluminum 
but did have an influence on steel. In this case, the seawater enviromnent does affect the 
corrosion processes m aluminum but not in steel. It is possible that components in these 
inhibitor interact with seawater in such a manner as to produce the opposite effects observed on 
the two metals. For inhibitors that improve the corrosion response, the level of salinity had no 
significant effect on weight loss for either metal. This is a significant obseivation becauseTt 
implies that seawater strength becomes less important when selecting a wash containing 
beneficial mhibitor additives. wuuwmmg 

In general, it is apparent that the action of the additive or ite ingredients dominates the 
t^lT.r'^fru'' °*^ r*^^'- ^^^^ ^^^^^^ ingredients are a trade secret, any explanation 
forwarded would be speculative. Relative to seawater control, some additives increase the 
corrosion rate by a large extent, some decrease the corrosion rate by a large extent. These results 
provide a ranking and some guidance for the use of the additives under field conditions A 
couple of inhibitors were found to produce lower corrosion rates in both metals This is 
significant because it meets the need to identify wash additives that would be suitable for both 
metals. 



In aluminum, pitting is the dominant corrosion mechanism. Pitting of aluminum is 
known to initiate by some action of the chloride ion, at very small concentrations, leading to the 
breech of the protective AI2O3 surface film. With inhibitor additives that markedly increase the 
corrosion rate, more numerous, larger and deeper pits were observed on aluminum. These 
additives also show an increasing trend with increasing salinity. The extent of pitting, 
determined by examination, correlated well with the weight loss results for the different 
additives. 

In sum, it can be concluded that of the inhibitor additives studied, some of them should 
be avoided categorically for both metals, a few are recommended, and a couple of these appear 
to be beneficial to both aluminum and steel. The conclusions from this study are in substantial 
agreement with the conclusions of Bieberich and Sheetz^ who performed periodic wash-down 
cycle tests to evaluate the use of the wash down additives for corrosion control during marine 
environmental exposures. By and large some of their recommendations and rejections are in 
agreement with those of this work. 

SPR spectrum analysis based on statistical feature variables 

The density distribution and mobility of surface electrons represent characteristics that 
determine the strength of coupling between the incident light wave and the plasma wave 
transmitted along the surface of the metal substrate. It follows therefore that the amplitudes of 
plasma resonance minima may be adopted as a statistical feature whose magnitude may be 
correlated with the average adherence properties of adsorbates or of surface coatings in general. 
This follows since any form of physical adsorption at the metal surface will tend to constrain 
both the mobility and availability of free surface electrons. 

The theory of SPR combined with effective medium theories for representing the 
electromagnetic permitivity of the substrate and inhibitor coatings provides, in principle, a 
formulation for the analysis of the different features associated with SPR spectra. These features 
would include, for example, relative shifts or broadening of SPR minima. This type of analysis 
would require, however, detailed information concerning the chemical composition of the 
inhibitor solutions, explicit knowledge of substrate surface roughness, the electronic nature of the 
absorbed molecules, the extent of surface covering by absorbed molecules and the statistical 
character of inhomogeneities within the surface covering. Our analysis considers, therefore, only 
one feature of SPR spectra, the relative amplitude of the minimum of the reflectivity function, a 
quantity that may be correlated with the density distribution and mobility of free surface 
electrons. The density distribution and mobility of surface electrons, in turn, may be correlated 
with the presence or absence of an inhibitor film on the substrate or with the relative average 
level of surface coverage by an inhibitor or with the relative ability of the inhibitor to adhere to 
the metal surface via some unique bonding mechanism. We emphasize again, as discussed in the 
above section, that the amplitudes of the SPR minima are to be interpreted as statistical feature 
variables rather than "deterministic" spectral signatures to be correlated with known structure of 
the additives or their components. 
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From the SPR results, it is observed that all additive coated f no wash") gold substrates 
showed no minima except for ADDl and ADDS. The response for these additives correlates 
with a coating layer having a relatively weak adherence to the substrate. A weak adherence of 
the coatmg layer to the metal substrate, such that surface electron mobility or availability is not 
reduced, imphes that there is minimal constraining of the oscillations of the free electrons on the 
A^^f f *® ^°^^' '^^^ resonance amplitudes of the SPR minima associated with ADD2 
ADD3, ADD6 and ADD4 are negligible or nonexistent. This "totally damped" response may be 
correlated with a coating layer that tightly adheres to the substrate. This implies a change in the 
density distnbution of surface electrons which is sufficient for constraining, or rather totallv 
damping out any oscillations of the free electrons on the surface of the gold substrate. 

Resulte of reflectivity curves corresponding to two different experimental trials involving 
washing of additive coated substrates using fresh water or 1% NaCl are interesting. It can be 
seen that, after washing, amplitudes of the SPR minima for the surface coated with the additives 
all obtmn similar values relative to each other. In addition, these spectra all mdicate a similar 
level of damping relative to the bare gold substrate. This consistency suggests that m each case 
water represents the dominant ambient medium at the gold interface. One observes that after 
washing with 1% NaCl, the amplitudes of almost all the SPR minuna are large and shifted to a 
higher angle relative to those associated with bare gold. It is to be noted that for ADDS and 
othera there does exist a non-negligible level of damping of the SP resonance. This implies the 
persistence of some coating after w^hing. It is fiuther noted that there is actually ampUfication 
of some SP resonance amplitudes relative to bare gold. This enhancement of the resonance may 
be due to the presence of an electoolyte as the ambient medium at the gold surface. The cause of 
this effect, however, is not relevant to our present analysis. The significant feature in our 
andysis, indicating the presence of inhibitor, is the level of damping of the SP resonance relative 
to bare gold. These resonance amplitudes are sufficient, therefore, for suggesting that the 
adsorbed layere have bean washed off. 

The trends observed in the SPR studies show re^onably good consistency with those of 
tiie weight loss studies. ADDl and ADDS were observed, for all experimental trials, to have 
SFR spech-a consistent with weak or no adherence of a surface film on the gold substrate This 
result IS consistent with the weight loss trend observed for ADDl and ADDS for both metals 
Relative to unaltered seawater, ADDS is detrimental for both aluminum and steel, ADDl is 
detrimental for aluminum and no better for steel. That is to say the corrosion rate of steel in 
seawater is about the same with or without the presence of ADDl. ADD2 ADDS and ADD4 
were observed to have a non-negligible level of SPR damping after washing with 1% NaCl 
relative to some of the other mhibitors tested, i.e., no shift in the minima positions. This result 
again is consistent with the weight loss trends, which indicate a relatively high level of corrosion 
protection for both metals, the exception being ADDS for aluminum. The corrosion rates of steel 
f A^rf^'^'f '"'''®f ® '■®^^*^^® *° seawater in the presence of ADD6. Although the SPR spectra 
tor ADDe show evidence of physical adherence, apparently the adsorbed species incre^es rather 
than decreases corrosion rates. 
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CONCLUSIONS 

The objective of this work was to examine the intrinsic capacity of commercial rinse 
additives to affect corrosion rates of aluminum and steel specimens representative of materials of 
construction for military vehicles. Controlled laboratory exposures were designed to afford the 
maximum potential of the additive to reduce corrosion rates. That is, the experiments were such 
that it was clear that the additive could make contact with the metal surfaces or be able to affect 
the process leading to corrosion. This approach represents an initial step towards a quantitative 
assessment of whether, in fact, rinse additives have the potential to reduce corrosion rates on 
operational vehicles and an attempt to rank their effects for various seawater environments. 

Based on the trends in our experimental results the following observations can be made. 
(a) In aluminum, pitting is significantly increased in ADDl, ADDS, ADD6 and ADDS 

containing seawater for all seawater concentrations. Rinses containing these additives should 
be avoided for aluminum parts. In the presence of ADD4 and ADD2, aluminum pits 
somewhat less than in seawater and these additives may be recommended for aluminum. 

(b) The corrosion rate of steel is reduced in lower strength seawater. This suggests that when 
fresh water is scarce, rinses of exposed steel surfaces with low salinity seawater may be 
beneficial. ADDl, ADD6 and ADDS provide poor protection to steel in seawater and these 
additives may be avoided. However significant reductions in corrosion rates are observed for 
ADD4, ADDS and ADD2 and these additives may be recommended for steel. 

(c) If we consider both aluminum and steel, then ADD4 and ADD2 may be recommended as 
wash additives. 

(d) A significant, and yet somewhat subtle, result of this analysis is that it supports an increased 
confidence level concerning the overall concept of using inhibitor additives or reductions in 
seawater concentration as a viable method of corrosion control. The results demonstrate a 
high degree of sensitivity to differences in the types of wash down additives, and further, a 
marked and statistically reliable reduction in corrosion due to either the presence of inhibitor 
additives or reduction in seawater concentration. The effects of the additives tested show 
some correlation with long-term marine exposure results. 

(e) SPR measurements are shown to detect the intrinsic attraction of corrosion inhibiting species 
at a metal surface and can be useful in monitoring relative endurance following mechanical 
washing procedures. 

(f) Using the results from this study as a base line, follow-up work should examine the 
adherence of rinse additives once the aluminum and steel surfaces are dried and re-exposed 
to seawater as a simulated field condition. 
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Table 1: Inhibitor additives, manufacturer's description and recommended dilutions in seawater 
for rinse solutions. 

Additive Manufacturer's Descriotion Recommended Dilution, ml/1 
(oz/gal) 

ADDl Water additive for salt removal and corrosion 
inhibition 

23.4 
(2.5) 

ADD2 Water based cleanser and degreaser that deposits a 
corrosion resistant film on metals 

10.2 
(1.5) 

ADD3 Water additive for salt removal and corrosion 
inhibition 

23.4 
(2.5) 

ADD4 Water based, protects metals against corrosive 
effects of fresh water, salt water and salt 

15.6 
(2.0) 
and 
62.5 
(8.0) 

ADD5 Water additive that provide a corrosion protective 
film on metals 

62.5 
(8.0) 

Note: This is 4x recommended 

ADD6 ADD5 plus a general purpose detergent, leaves a 
dry coating, protects against further exposure 

62.5 
(8.0) 
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Figure 1. Test set-up for evaluating the influence of inhibitor additives on corrosion processes in 
seawater. Sample bottles from left to right, 1018 steel in 1/4 and 1/2 strength seawater, 6061 
aluminum in 1/4 and 1/2 strength seawater. 
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Figure 2. Schematic representation of experimental arrangement for surface plasmon resonance 
(SPR) spectroscopy measurements designed to determine inhibitor adherence. 
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Figure 3. Schematic diagram describing SPR measurement and interpretation of results. 
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Figure 4. Inhibitor rankings relative to seawater control for aluminum based on weight loss 
measurements, (a) Full strength seawater. (b) Half strength seawater. (c) Quarter strength 
seawater. 
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Figure 5: Inhibitor rankings relative to seawater control for steel based on weight loss 
measurements, (a) Full strength seawater. (b) Half strength seawater. (c) Quarter strength 
seawater. 
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Figure 6. (a) Effect of inhibitor additives and seawater control on the weight loss of aluminum 
as a fiinction of seawater strength, (b) Graph amplifying efifecte observed with additives resulting 
m IcMt weight loss. 
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Figure 7. (a) Effect of inhibitor additives and seawater control on the weight loss of steel as a 
function of seawater strength, (b) Graph amplifying effects observed with additives resulting in 
least weight loss. 
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Figure 8. Comparison of the extent of pitting in aluminum alloy coupons following immersion 
in seawater containing ADD3 (left) and seawater without an additive (right). 

Figure 9. Corrosion product shown pealing off a steel coupon immersed in seawater containing 
ADD6. 
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Figure 10. X-ray diffraction spectrum of corrosion product formed on the surface of steel 
coupon iimnersed in seawater containing ADD6 inhibitor. Superimposed are the reflections of 
the FeFe204 standard. 
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