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Electrocorrosion and spark ablation are described for rapid dissolution of metals

in aqueous solution. When current is applied between two metal samples in de-ionized

water at close proximity (0.5 mm), spark ablation occurs in a discrete area. Low-

powered spark ablation was characterized using rates of ablation of various metal

samples, demonstrating similar ablation rates for all metals, ranging from 20 ¡rg s-t to 60

pg s-l over a period of 60 to 120 s. Low-powered spark ablation was also used as a

method of Au analysis with experiments focusing on methodology and quantification of

cu and Ag in Au bullion reference material (BRM-1, BRM-2, BRM-3) from the Royal

Canadian Mint. A method for dissolving Ag in gold samples was developed as an

alternative to dissolution by aqua regia. Experimental results demonstrated that HNO:

was suffrcient to dissolve the small aliquots of ablated metal, without matrix interferences

using GFAAS.

Electrocorrosion utilises a conductive solution to carry charge, preventing spark

formation. As a result, the submerged portion of the metal is corroded rather than a

discrete area. Electrocorrosion rates decreased from 120 to 30 pg s-t as the gap increased

from2 to 5 mm. Rates of corrosion in steel also increased significantly from 200 to 1000

pg s-l as solution conductivity increased from 0.01 to 0.05 M NaCl. Electrocorrosion

rates for different metals ranged in steels (27 Vgs-r for High Test steel #1 and220 pg s-l

for Ti Weld) to brass and aluminum (230 pg s-r for low Zn brass to 770 pg s-r for Al

alloy AMS 4190). This suggested that a correlation exists between corrosion rates and

sample composition. Electrocoruosion solution composition was also investigated (0.025

M NaCl, NaF, NaBr or NaI) and did not appear to have a significant effect on the rate of



dissolution of metals by electrocorosion. Since redox processes are involved in the

dissolution of the metal, the composition of the metal is an important parameter for

predicting rate of corrosion. Most metals oxidize readily (e.g. Cu, Zn) and are well suited

for electrocorrosion, however, a small number of metals that are difficult to oxidize (e.g.

Au and Rh) may not be.

Scanning electron microscopy (SEM) images were taken of stainless steel after

high and low-powered spark ablation as well electrocorrosion in order to compare the

surface properties. The SEM images of spark ablated samples revealed crater formation

in the sample as a result of metal ablation. Other surface irregularities associated with

melting and sample re-deposition of the metals were observed. Electrocorrosion of the

metal surface appeared to be less damaging in appearance, indicating a less

heterogeneously sampled surface. Energy dispersive x-ray fluorescence (ED-XRF)

spectra of the spark-ablated surfaces indicated some elemental variability when high-

powered spark ablation was used but not for low-powered spark ablation or

electrocorrosion.



1. Introduction

1.1 The Analysis Process - Sample Preparation

The purpose of a chemical analysis is to obtain information about a sample. The

sample can take on different forms, and the information obtained about said substance

can be just as varied. This variance can be due to shape, state, or other factors such as

surface properties. One of the first and perhaps most important steps of an analysis is

sampling. Sampling involves the removal of a smaller, representative sample from a bulk

sample. Sample integrity must be conserved at this point or all following steps will be in

vain. Sample preservation is also important during an analysis, as there may be a large

amount of time in between sampling and analysis. The sample must be preserved in

order to maintain its original chemical makeup or else representativeness may be lost.

Metal samples can experience effects such as surface corrosion or sample contamination

can readily occur.

Sample dissolution can be the final step before introduction of the sample to an

instrument. Solid samples often need to be dissolved for aqueous nebulization in the

instrument, though sample dissolution has many pitfalls. If the sample requires acid for

dissolution, the acid may be a source of impurities, however human error is often the

largest source of error due to handling mistakes, calculation etrors, or simply

contamination. In sample preparation, the fewer steps that are involved, the lower the

risk for contamination due to reduced human error.



1.2 Metal Digestion

Metals, either contained within samples or as a whole, can be analyzed, by a wide

variety of methods. Elemental determination for bulk or trace quantities is often

performed by spectroscopic methods such as flame atomic absorption spectrophotometry

(FAAS), graphite fumace atomic absorption spectrophotometry (GFAAS), atomic

emission spectrometry (AES), inductively coupled plasma-atomic emission spectrometry

(ICP-AES), inductively coupled plasma-mass spectrometry (ICP-MS), and energy

dispersive-x-ray fluorescence (ED-XRF).

Sample dissolution is required in order to achieve one or more of the following

goals: to separate single or multiple metals from the parent sample; to concentrate atrace

amount of sample; or to dilute the sample sufficiently for further analysis. The sample

preparation approach used will usually depend on the analytical method as well as the

sample itself. Many sample preparation techniques dissolve a sample by means of acid

digestion. Simple wet ashing (acid digestion) can be performed in an open container.

For example, a sample can be placed in a beaker that contains the appropriate acid and

covered by a watch glass. The beaker can then placed on top ofa hot plate and brought

to a gentle boil to allow for quicker digestion. After digestion is complete, the solution is

allowed to simmer in order to reduce the acid concentration due to evaporation.

Filtration may then be required to remove any non-soluble impurities such as silica. The

choice of acid is also important, as it depends on the sample of interest. Some Al alloys

will require the addition of HgCl2 to the acidic solution to digest the oxide layer that

forms on its surfacel. Other metals may simply require an oxidizing acid like HNO3 for

dissolutionl. Problems such as contamination, anal¡e loss due to sample volatility,
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vessel dissolution (HF and glass), and human error are factors that must be considered

when using acid.

A major drawback to wet digestion is the time required for sample dissolution.

For example, some tungsten steels may require several hours to fully dissolve2'3. With

this in mind, methods have been developed in order to improve the speed of dissolution

as well as to minimize other drawbacks associated with acid digestion. Microwave

digestiona-13 combines the dissolution properties of wet ashing but in a closed, container

lowering the possibilities of contamination. There are several benefits to this method of

digestion. The plastic container allows less chance for sample contamination common to

glass containers, where metals and other contaminants may be leached out. Being a

closed vessel, there is also less chance for airborne particulates to enter the solution, and

less loss due to the volatilization of metal species. Another advantage is that this method

can be automated, which requires less attention from the operator. Figure 1.1 shows the

microwave digestion vessel.
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Figure 1.1: Microwave digestion apparatus

Fernando et. al.ll used closed-vessel microwave digestion as a salt-free solution

matrix in studying the complete digestion of Al in steel by ICP-AES. Traditional

analysis procedures include fusions of NazSO+ with the sample, though this method

leaves Na in the matrix, inducing signal suppression in ICP-AES. Standard reference

materials were evaluated for Al, Mn, P, cu, Ni, cr, v, Mo, Sn, si, and ri ranging in

concentration from 0.0022% (Al) to 3.19% (Ti) with the technique demonstrating

agreement with all certified values. The authors also noted that because of the closed

nature of the vessel, volatile elements could also be analyzed by this technique. Kingston

et. al.l3 used open-vessel microwave digestion in comparison to wet ashing for removal
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and identification of different metals (Cd, Cr, Cu, Pb, Ni, and Zn) in environmental

samples. Their work demonstrated that microwave digestion was able to achieve similar

results compared to wet ashing, though with 60Yo shorter time periods.

Bombsta-16 are used as an alternative to microwave and wet digestion. They

comprise a Teflon@ vessel surrounded by a steel jacket that is heated in an oven. This

provides higher pressure and temperatures than is possible in open beaker acid digestion.

Their main benefit is the speed in which digestion can take place versus wet digestion.

Some inorganic materials do not dissolve in acids. For these samples, a fusion can be

performed with acidic or basic flux to melt the samplelT-22. Once the melt has cooled to a

solid, it can then be easily dissolved by HNO3. Fusions are created by mixing a20 to I

flux-to-sample ratio in the appropriate crucible which is then heated to melting

temperatures. When the melt becomes clear, the fusion is complete. Table 1.1 shows

different types of sample/flux combinations and what kind of crucibles should be used.



Table 1.1: Common fluxesle

Flux

Na2CO3

LizBq0t
LiBOz
Na2BaOT

Na2O2

Melting Point ("C) Crucible

850 Pt

6s0
845
740

Bzo¡

675

Pt, graphite
Au-Pt alloy
Au-Rh-Pt alloy

Zr

450

Types of Samples

For silicates (e.g. rocks),
sulfates, and phosphates.

For aluminosilicates,
carbonates, and high
concentrations of basic
oxides

Strong base, good for
silicates not dissolved by
Na2CO3

For silicates and oxides.
Main advantage is its
ability to be completely
removed

Electrical discharge or spark ablation spectroscopy"-oo (rpurk source atomic

emission spectroscopy) was one of the first techniques to truly challenge wet-chemical

analysis in the early 1940's. It offered advantages such as avoiding the prolonged

digestion and separation procedures of digestion methods, high sensitivity, and the

capability of simultaneous, multi-element analysis (optical emission spectroscopy)

making this the choice technique for metal analysis around the world. However, some

drawbacks do exist, one of which is that spark ablation requires a conductive and

homogenous sample. Non-conductive or heterogeneous samples such as minerals and

rocks have been analyzed by grinding the sample to increase homogeneity and adding

powdered graphite to enhance conductivity23.
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Electric discharge atomic emission spectroscopy is traditionally done in the gas

phase. These methods typically include the spark as well as the direct current (DC) or

alternating current (AC) arc. The DC arc is characterized by having two metal samples

either initially touching or separated by a small gap (2-5 mm). Current is applied (1-30 A

.--t, typi"ally 8-14 A cm-2), creating a discharge between the two metal samples. The

metal tips are rapidly heated and volatilization and ionization of the sample begins. The

ions increase in population to the point where they are able to sustain the arc (plasma)

once the samples are separated2s. The electrical plasma, sometimes referred to as the

fourth state of matter consisting of ionized gases, is estimated to reach a temperature

between 6000-6500 K, or enough to continually volatilize and excite ions from most

samples. Photons from excited ions and atoms are then detected using a spectrometer

where the amount of emr energy is proportional to sample concentration. High

sensitivity is achieved with this technique, though reproducibility suffers23. This is

because the plasma travels between the path of least resistance, traveling between two

high points, from the sample to the reference electrode (Figure 1.2). When this occurs,

the high point is rapidly ablated, and the plasma wanders to the next available point on

the sample surface hampering reproducibility on a sample that may not be completely

homogeneous23.



Graphite Electrode

Plasma

Sample

Figure l.2z DC arc ablating sample at its highest point.

The AC arc is similar in principal to the DC arc except the current is formed in

one direction then stopped, and then formed in the opposite direction at roughly 100-120

Hz. In general, currents in an AC arc are also lower by approximately l-5 A cm-2. The

repeated formation and re-formation of the current reduces the temperature of the

electrodes compared to electrodes in a DC arc26. High spot ablation is minimized due to

the nature of the AC arc, which increases sample reproducibility with little loss in

sensitivity23.

Graphite Electrode Cup

Spark ablation is created by using a high voltage (15-40 kV) between two metal

samples, with operating currents that are typically lower than arc sou...s3l. The spark

itself is also created in a different manner than arc discharges. Circuits are usually
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designed using capacitors that only allow for an electrical discharge at maximum

voltages. Therefore, the metal sample gap is not the determining factor in the formation

of a spark. This allows for much higher precision, as the discharge does not depend on

sample variations2s. At the moment of electrical discharge, currents can run as high as

1000 A cm-2 with temperatures approaching 40000 K3l. This high amount of energy is

conducive to the formation of excited ions in the gas phase.

In this study, spark ablation was car¡ied out in aqueous solution rather than in the

gas phase (Figure 1.3-1.4). Figure 1.3 shows the ablation of two steel samples (308L) in

a beaker. Current is supplied to the alligator clips, each one attached to a metal sample.

Figure 1.4 illustrates how the spark ablation vessel can be run as an online device for

ICP-MS. Traditionally, spark ablation in gaseous sumoundings is often used for sample

introduction (e.g. ICP-AES). Spark ablation in an aqueous solution is used for sample

preparation, though spark ablation interfaced with an ICP has been reported2a. Spark

ablation of metal in water can produce colloids in solution that can be subsequently

dissolved with a small amount of high purity acid to ensure solution homogeneity. The

high degree of resistivity afforded by the use of de-ionized water (18 MO cm) means that

sample gaps are typically much smaller (0.1-1 mm) than that in the gas phase. The high

resistivity of the surrounding solution is necessary. If the solution were made conductive,

a spark would not occur, as current would be carried by its spark ablation solution.

Solution conductivity is also responsible for the ablation rate decrease over time due to

ablated metal particles being introduced into solution, increasing conductivity.

There are many advantages of this technique versus that of spark ablation in a

gaseous environment. The main advantage is the availability of many instruments that

1i



require liquid nebulization (FAAS, GFAAS, ICP). Also, if post-ablation sample storage

is required, solution storage is as easy and convenient as applying a top to the container.

Figure 1.3: Low power spark ablation of 308L steel in de-ionized water.
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Figure 1.4: Spark ablation interfaced to an ICP-MS via peristaltic pump.

Both high power (275-1100 W)24 and low power (20-300 W)25 spark ablation in a

liquid medium have been investigated for rapid dissolution of various metal samples

prior to analysis by ICP-MS and GFAAS. Goltz et al.zs found that during low powered

spark ablation, rates of ablation of Fe in mild steel decreased over time due to the

increased solution conductivity. This was followed by experiments dedicated to

purposely increasing the conductivity of the solution. Various amounts of KCI were

added to the solution until a spark was no longer able to form at a concentration of

0.02 M KCl. Similar experiments were performed by varying the pH of the solution,

with results that demonstrate the highest rate of ablation was observed at a pH of

13



approximately 7, due to low concentrations of electrically conductive metals in solution.

Temperature experiments were also investigated. As the temperature of the solution was

increased, ablation rates decreased. A result of higher colloid solubility at elevated

temperatures, reducing the amount of electrically neutral colloids in solution. High-

powered spark ablation was also investigated by Goltz et al.2a. Various current settings

were explored with results that demonstrate an increase in ablation rates with higher

applied currents supplied to the metal samples. Spark ablation was also considered for

trace analysis by ICP-MS. In these experiments, a brass rod was ablated and mass scans

over 5, 10 and 20 s of applied power were taken. Results show peaks at 58 and 60 amu

appearing strongly at 20 s, demonstrating that accurate quantitative analysis is possible

after short periods of time. This paper also explored high-powered spark ablation for

quantitative analysis. A National Institute of Standards and Technologies QTIIST) Cr-V

steel sample was chosen because of its wide range of elemental concentrations (0.098 %

Cu to 19.5 % Cr). L'vov et a1.36 performed low power spark ablation in the liquid phase

on steels prior to analysis by GFAAS. They demonstrated that colloids were easily

generated with minimal difficulty and little time, averaging in size of about 1 pm, which

guarantees representativeness. Trace analysis was also performed with high purity Al

and Ti. Experimental results were in agreement with certified values. Pchelkin et a1.37

used spark ablation in a liquid medium and compared it to chemical methods in the

analysis of standard reference materials. Their results were in agreement with the

certified values as well as the values established by chemical means. This paper also

described a relationship between the variables of the spark ablation circuit and the

particles it produced, relating the capacitance, the distance between the two metal

T4



samples in the secondary discharge gap and input power in a final equation. Houk et al.aa

used arc ablation in the gas phase coupled to an ICP-MS for rapid metal determination,

avoiding complications associated with the use of acids in the plasma, such as oxides

l3scll6O*¡ possibly interfering with transition metals like slV*. Experiments were

undertaken to test arc nebulization for detection limits, sensitivity, as well as precision

and the ability to remove, or cleanout the sample from the instrument. Detection limits

were explored via an ion monitoring system on the ICP-MS. Steel standard reference

materials were analyzed with concentrations (%) varying from 0.001-0.225%. All results

agreed within certified values, with calibration curves being linear (tt t 0.995).

Sensitivity experiments focused on steel standard reference materials, where various

elements were analyzed for signal intensity with concentrations ranging from 0.4-4 pg g-

'. With the exception of 60lrli, *hi"h showed particularly poor sensitivity, all elements

had favourable results. Houk et al.aa believed that this was due to lower aerosol gas flow

rates that were used. They also demonstrated that, when compared to aqueous sample

introduction into an ICP-MS, the analyzed values obtained were quite low overall. This,

was due to less sample being introduced into the ICP-MS overall, as rates of sample

introduction were at least two orders of magnitude lower with arc ablation than with

aqueous nebulization.

Electrocorrosionas-s3 or electrolytic dissolution, is achieved without an arc or

spark. Electrocorrosion is able to corrode metal samples very rapidly; creating dense

colloids in solution that can be dissolved by small amounts (e.g. 100 pl) of high purity

acid. The main benefit of electrocorrosion is its gentle means of sample preparation

where disfiguration or destruction is kept to a minimum.

15



Electrocorrosion can be done in water that is made conductive in order for the

current to pass from one metal sample to another, purposely avoiding an arc or spark.

Sample gaps are typically large (> 2 mm) in electrocorrosion in order to avoid a spark.

Oxidation also occurs on the entire surface area of the submerged metal samples and not

in discrete areas. In Figure 1.5, the power source is in the background and is attached to

the electrocorrosion apparatus by two current carrying wires. Figures 1.6-1.7

demonstrate the electrocorrosion process over time. Here, two brass samples are

corroded as colloid formation (the murky solution) occurs. After 20 s, the power is

ceased and the metal samples can be removed and rinsed. Small amounts of HNO3 can

be added at this time to homogenize the solution.

16



Figure 1.5: The electrocorrosion vessel attached to samples from ARL Spark Source
power supply.
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Figure 1.6: The electrocorrosion process at2 s after corrosion has begun. Gas is evolving
from the surface of the metal samples.
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Figure 1.7: The electrocorrosion process at 20 s. Colloids are beginning to form a deep
yellow colour in the vessel.

Other researchers have used electrolytic dissolution in various forms to quantifi

different elements in metals. Bergamin et al.as dissolved alloys for the determination of

Al and Mn using flow injection analysis. Flock et al.a6 analyzed steel samples using

electrolytic dissolution with FAAS. More recently, Gervaio et al.aB used electrocorrosion

for rapid dissolution of steel for on-line measurement with ICP-AES. Kondo et al.5e have

used electrol¡ic dissolution for rapid determination of metals in steel using ICP-AES.

This group has developed a method for bulk and trace analysis of S in steel, showing a

high degree of linearity (Rt: 0.9941) between S and the S/Fe ratio in steel. In contrast,
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standard solutions containing SOa-2 were analyzed and plotted on the same graph. These

results show that, with electrol¡ic dissolution, sensitivity increased one order of

magnitude due to an increased amount of material being introduced into the instrument.

To create the electrolytic solution, Kondo used a 6 M HCI solution lowering the pH of

the solution as a result. When using electrolytic dissolution for quantitative analysis of S

in steel standards, experimental results demonstrated a high degree of agreement with

certified steel values of elements ranging in concentration from 21.3 pg g-l to

198.0 pg g-r.
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2.0 Experimental

2.1 Chemicals

All solutions were made with de-ionized water (18 MO Milli-Q). Sodium

fluoride, sodium chloride, sodium iodide (all supplied by Aldrich), and sodium bromide

(Sigma), were reagent grade and used without purification. Standard solutions were

prepared by appropriate dilutions of 1000 ¡.rg ml.-rstandards (SCP Science) and all

solutions were made with high purity AR Select@ Plus HNO3 (Mallinckrodt).

2.2 Metal Samples

Standard reference materials (SRMs) were used for quantitative analysis

purposes. Selected elemental concentrations can be seen in Table 2.1. Steel and non-

steel (e.g. Al, Brass) welding rods were used as samples in various experiments. Bulk

and trace elemental composition can be found in Tables 2.2tlvough2.3. Gold bullion

reference material (BRM) was used in the characferization of Ag and Cu. Compositional

values of the BRMs can be found in Table 2.4. Table 2.5 provides the various metal

sample diameters and tensile strengths of different sample welding rods.

Table 2.1: National Institute of Standards & Technologies SRM 663 Cr-V Steel

Element

Copper
Nickel
Lead
Cobalt
Aluminum (total)
Silver

"/o by Wt.

0.098
0.32
0.0022
0.048
0.24
0.0038
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Table 2.22 Welding rod samples

Metals

High test steel #1*
Ti Weld #65*
ER3O8L*
ER316+
E601 3*
E701 8*
E2100*
El1018*
AMS 4190"
8R4043^
ER5356^

Supplier

Union Carbide
Lincoln Electric
Lincoln Electric
Lincoln Electric
Lincoln Electric
Lincoln Electric
Lincoln Electric
Lincoln Electric
Lincoln Electric
Lincoln Electric
Lincoln Electric

* Denotes steel welding rods, bulk element is Fe.

^ Denotes aluminum welding rods, bulk element is Al.

Elemental Composition

Mn (1.0%) Si (0.2%) c (0.t5%)
Ti (10.0%) Cr (s.0%) Co (0.s%)
Cr (19.5-22.0%) Ni (9.0-1r.0%)
Cr (18.0-20.0%) Ni (11.0-14.0%)
Mn (0.60%) Si (0.40%) c (0.10%)
Mn(2.0-3.0%) Si (2.0%) C (2.0%)
Ti (5.0%) Cr (10.0-12.0%) Co (05%)
Mn (1 .3-1.8%) Ni (1.2s-1.s%) Si (0.6%)
Si (4.s-6.0%) Fe (0.8%) Zn(0.1%)
Si (9.3-10.7%)Fe (0.8%) Cu(0.3%)
Mn (4.5-5.5%)Zn(0.1%) Cu (0.1%)

Table 2.3: Non-welding rod metal samples

Metals

Low Zn Brass
HighZn Brass
Gold
Nickel
Rhodium
Silver
Copper
Zinc

Supplier

Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar

Elemental Composition (%Wt.)

Zn(30%)
Zn(70%)
Al (99.9%)
Ni (e9.9%)
P.h(e9.9%)
Ag(ee.e%)
Cu(99.9%)
Zn(99.9%)

22



Table 2.4: Gold Bullion Reference Material (BRM) samples

Metals

BRM 1'O

BRM 2*
BRM 3*
BRM 4*
BRM 5*

Supplier

*BRM 1-5 contains a cu percent balance to l00Yo (i.e. cu is not certified)

Royal Canadian Mint
Royal Canadian Mint
Royal Canadian Mint
Royal Canadian Mint
Royal Canadian Mint

Elemental Composition (o/o by Wt.)

Au (94.847%+0.064) Ag (a.1s%+ 0.36)
Au (89.928%+0.050) Ag (8.03%+ 0.20)
Au (84. 905 %+0.062) Ag (12.08%+0. 3 3)
Au (7 9.962%+0.050) As (Ls.09%+0.34)
Au (74.988yo+0.107) Ag (1 5.04%+0.24)

Table 2.52 Diameter and tensile strength of selected welding rods

Metals

High test steel #l
Ti Weld #65
ER3O8L
ER316
E6013
8701 8
E2100
E11018
ER4043
ER5356
HighZn Brass

Diameter (mm)

1.53
1.s3

2.60
2.60
2.60
2.60
2.60
2.60
1.53
1.53

2.60

Tensile Strength (kpsi)

70
110

79
75

60
70
118

110
25

50
N/A
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Many welding rods use a common name (e.g. High test steel #1) while other rods

follow the American Welding Society (AWS) naming procedures (e.g. E70lB). The

AWS requirements for the identification of welding rods are found as a number, stamped

at the base of the rod, while the letter indicates the type of welding the rod is used for.

The first two digits (or three digits in the case of a 5 digit number) indicate the tensile

strength of the rod, where the rod should meet or exceed the tensile strength of the

welded material. The third digit (or the fourth digit in the case of a 5 digit number)

indicates the preferred position of the weld. The final digit refers to the type of flux used

on the rod itself.

Figure 2.1: Example of AWS identification

2.3 Electrocorrosion Vessel

The metal sample carrying cap, made of Teflon@ for ease of machine-ability and

for its thermal and conductive resistivity, was constructed to fit the top of a 20 mL

scintillation vial (Figure 2.2).
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Figure 2.2:Top and side views of the metal sample carrying cap
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Figure 2.3: The electrocorrosion vessel with brass metal samples in 0.05 M NaCl.
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2.4 Electrocorrosion and Spark Ablation Apparatuses

(i) Electrocorrosion

The power source used for electrocorrosion was an Applied Research

Laboratories (ARL) Model 26000 spark source unit from a spectrographic arnlyzer. A

summary of the electrocorosion parameters can be found in Table 2.6. Inbrief, the spark

source has a power requirement of 115 V at 50 or 60 Hz AC and 20 A. The metal

samples have an output from a 14 kV transformer and two 0.5 mF capacitors (in series),

which are in parallel to the high voltage transformer. Two parallel inductors (50 mH) in

series with capacitors and a rectifier circuit control the output current. Therefore, the

output cunent of the discharge can be full-wave rectified at 5 and 10 A or half-wave

rectified at 2.5 and 5 A. The spark source unit was modif,red by removing the graphite

electrode holders and the wires attached to them from the output transformer. Longer

wires were connected from the output transformer to allow an easy and removable

corurection to the electrocorrosion vessel. Preparation of the metal samples for

electrocorrosion involved bending of the two metal samples with pliers to facilitate gap

variation. Contact between the metal sample surface and pliers was kept to a minimum

by insertion of Kim 'Wipes@. Both metal samples were filed and f,rnally rinsed with de-

ionized water.
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Table 2.62 Operafing conditions for the ARL 26000 spark source unit

Power Requirement (V):
Current settings (A):
Electrode Polarity:
Waveform:

Metal Sample Gap (mm):

(ii) Spark ablation

The spark ablation device that was used had a power requirement of 220 V at 50 or 60

Hz. The input voltage is stepped up using a transformer with three tap settings that are

controlled with a switch. In this fashion, the input power has settings of 100, 200, or 300

W, which control the output voltage of this transformer. The output voltage (2 kV) of

this transformer supplies power to a circuit containing a high frequency transformer,

three capacitors (.7 ¡t'F) and a secondary spark discharger. Resistance in the high

frequency part of this circuit can be controlled by adjusting the spark gap, where the

larger the gap, the higher the resistance. Controlling the resistance in this circuit allows

for control of the voltage to the high frequency transformer. The high frequency

transformer has an output voltage of 0 - 10 kV to the metal samples with an applied

power of 100, 200, or300 W. Unless otherwise stated, power settings were kept to 100

W. A circuit diagram can be seen in Figure 2.3. Preparation of the metal samples for

spark ablation was minimal as sample gap was less of a problem, therefore allowing them

to be kept straight. The metal samples were cleaned with a gentle abrasive then washed

and rinsed with de-ionised water.

115 (60 Hz frequency)
2.5, 5.0, 10.0
positive or negative
Half: 2.5 and 5.0 A
Full: 5.0 and 10.0 A
2.5 - 8.0
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Transformer
200tv

spark gap

{variable)

Figure 2.4: Schematic circuit diagram of spark source.

2.5 Instrumentation

The Flame Atomic Absorption Spectrophotometer (FAAS) used was a Perkin-

Elmer Atomic Absorption Spectrophotometer 460 (Table 2.7). Trace analysis was

performed using a Perking-Elmer AAnalyst 800 Graphite Furnace Atomic Absorption

Spectrophotometer (GFAAS), and a Perkin-Elmer Sciex Elan 500 Inductively Coupled

Plasma Mass Spectrometer (ICP-MS). Instrumental parameters for the ICP-MS and

GFAAS can be found in Table 2.8 and 2.9 respectively. A JEOL JSM-6300V with

VISIONS instrument control and image capture software (Table 2.10) was used for

Scanning Electron Microscopy (SEM). Energy dispersive-x-ray fluorescence (ED-XRF)

was performed using an Oxford Instruments LINK ISIS Microanalysis Tower System

with Si/Li Category "C" Pentafet slide-mounted ATW detector. Unless indicated

otherwise, standard conditions were used for all instruments.

c4racitor
43 ttF

sample electrodes
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Table 2.7: Instrumental operating parameters for FAAS.

Flame
Element
Wavelength (nm)
Slit (nm)
Flame Type

Air-acetylene
Cr
357.9
0.1
rich (reducing)

Table 2.8: Instrumental operating and data acquisition parameters of ICP-MS

ICP

RF power
Coolant Ar flow
Auxiliary Ar flow
Carrier Ar flow

Ni
232.0
0.2
lean (oxidizing)

ICP-MS Data Acquisition

Dwell Time
Scan mode
Number of masses (m/z) monitored
Signal measurement
Resolution

Cu
324.8
0.7
lean (oxidizing)

Table 2.9: Instrumental operating parameters of GFAAS

Element
Pyrolisis ("C)
Atomization ("C)
Wavelength (nm)
Slit (nm)

1100w
. _l

t).U L mrnute'
1.4 L minute-r
1.0 L minute-l

50 ms
peak hopping
3-8
average counts
0.9 a.m.u. at l0o/o peak height

Cu
1200
2000
324.8
0.7

Ni
1 100

2300
232.0
0.2

Ag
800
1700
328.r
0.7

Cr
1 500
2300
357.9
0.7

Zn
700
1 800
324.8
0.7
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3.0 Results and Discussion:

3.1 Blectrocorrosion - Characterization of the Electrocorrosion Process

When high current (1-10 A 
"m-'¡ 

is applied between two conductive samples in

an aqueous solution, electrocorrosion occurs on the surface of the metal samples as a

result of electrolysis and possibly collisions of dissolved ions with the metal surface. As

long as a large enough current is used, corrosion will occur at one (unipolar) or both

(bipolar) metal surfaces in aqueous solution. A spark may form if the gap between the

conducting samples is too small. A number of properties influence the amount of material

that is corroded from the metal surface including the gap, applied current (or power) and

the conductivity of the electrocorrosion solution. Other researcherst'-5t hau" looked at

electrolysis under different conditions (e.g. pH < 3) than those described in this study.

An examination of electrocorrosion properties is useful for understanding both the

limitations of the electrocor¡osion device as well as to provide clues about the mechanism

of the dissolution process for different metals.

The first property investigated was the mass of metal removed and the rate of

corrosion of metals in an aqueous solution for a given power setting. Figure 3.1 shows

the mass of Cu and Zn corroded from a sample of brass over time. For these

measurements, the electrocorrosion process was carried out at 2.5 A c--' in a known

volume (-10 mL) of a 0.01 M NaCl solution. After fixed periods of time, small volumes

(0.5 mL) of liquid media were removed, diluted to 20 mL and analyzed using FAAS.

Since the concentration and volume were known, the mass of metal corroded was readily

calculated. Figure 3.1 shows that the mass of Cu and Zninthe electrocorrosion solution

increases with time, as would be expected, but the mass of metal appears to corrode at an
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increasing rate over time. Using the same data, the rate of metal corrosion was also

calculated and plotted as a function of time as shown in Figure 3.2. This experiment

illustrates that the rates of corrosion of Cu and Zn are not constant; and increase

signifìcantly over time. For example, after 30 s the rate of corrosion of Cu and Zn jn

brass doubled over 5 s. This suggests that physical or chemical properties of the

electrocorrosion process are changing over time. During the corrosion process at least

two parameters change constantly with respect to time. One parameter is the gap

between the metal samples, which must increase slightly as metal is removed from the

surface of the sample. A second is the chemical composition of the aqueous solution. It

is possible that the corroded metal in the aqueous solution could increase the overall

conductivity of the electrocorrosion solution, particularly between the metal samples. It

is worth noting that if high concentrations of NaCl (0.05 M) are used, the contribution of

ions from the corroded metal should be minimal. Another property that also changes in

the electrocorrosion solution is temperature. The temperature of the solution changes

significantly with respect to time, depending on the applied current. Usually the

temperature in the solution can reach a boiling point in less than 1 minute aT2.5 A cm-2.

For electrolyte solutions, molar conductivity generally increases with increasing

temperature.
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Figure 3.1: Mass of Cu and Zn removed
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Figure 3.2: Rate of electrocorrosion of Cu and Zn from brass over time in 0.01 M NaCl
and a sample gap of 5.0 mm.
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Experiments were carried out to determine the effect of the sample gap and the

conductivity of the electrocorrosion media on the rate of corrosion. The effect of

increasing the sample gap on the rate of corrosion is illustrated in Figure 3.3. A corrosion

time of 15 s was used at 2.5 A 
"m-2 

in 0.01 M NaCl. Figure 3.3 illustrates that increasing

the gap between the conductive samples will decrease the rate of metal corrosion. This

suggests that changes in the gap have greater effects on rates of corrosion when a small

gap (I-2 mm) is used. During a typical experiment, the change in gap is quite small (<

0.1 mm) so it is unlikely to have any noticeable effects on the electrocorrosion rate over

short periods of time.
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Figure 3.3: Effect of gap on the rate of corrosion of Cu andZn from brass in 0.01 M
NaCl (n:5).
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The effect of conductivity as shown in Figure 3.4 illustrates that the higher the

concentration of NaCl in the electrocorrosion solutions, the greater the rate of corrosion

of metal. For the large gaps (2 mm) used in these studies, the effect of conductivity

appears to be a more important consideration than the sample gap. One reason that the

rate of corrosion increases is because the conductivity between the metal samples

increases as more ionic species form in the aqueous solution between the metal samples.

It may be logical to minimize the role of the gap at this stage. However, it should be

noted that as the gap increases, the effect of conductivity on the rate of corrosion

decreases significantly. It should also be noted that if the conductivity of the solution is

high (0.05 M NaCl), the relatively small contribution of coroded metal to overall

solution conductivity should be negligible (increasing solution molarity by 0.46 M for Cu

and 0.16 M for Zn).
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Figure 3.4: Effect of solution ionic strength on the rate of corrosion of Cu and Zn in
brass and using a sample gap of 5 mm (n:5).
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A question that requires further examination is whether one metal is preferentially

corroded relative to another in an alloy. If one element is preferentially removed, then

elroneous analysis will result and the overall effect will be the same as an incomplete

acid digestion. One way to demonstrate whether preferential corrosion of one metal is

occurring in an alloy is to plot the mass of one metal with respect to another.

Experiments were carried out using Cu and Zn from a brass metal sample. Figure 3.5

shows a plot of mass of corroded Cu with respect to corroded Zn in a sample of brass.

For these experiments, a single sample of brass was corroded over time at 2.5 A cm-2 in

0.01 M NaCl, with a metal sample gap of 2 mm. At fixed intervals, a small amount of

liquid was removed (0.1 mL), diluted, and the corroded masses of Cu and Zn werc

quantified. The ratio of Cu:Zn in this brass sample is approximately 3:1. Each data point

in this graph represents a different time interval (from 0 to 32 s) when the solution was

sampled. The high degree of linearity çr2 
: 0.09e) in Figure 3.5 strongly suggests that in

an alloy such as brass, neither Cu nor Zn is removed preferentially over time.
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Figure 3.5: Comparison of the masses of Cu to Zn corroded over time from brass in 0.01
M NaCl and a sample gap of 5.0 mm.
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To establish whether electrocorrosion can be used as a sample preparation tool, it

is important to know if all metals have uniform corrosion rates. One general property

that was investigated is whether different alloys have different rates of electrocorrosion.

Figure 3.6 shows the corroded mass of a variety of metal samples including steel, brass,

and aluminum after 10 s when 2.5 A.*-t is applied in 0.025 M NaCl. Figure 3.6 shows

the difference in masses corroded, and hence corrosion rates for various metals under

identical experimental conditions. In general, lower rates of corrosion are observed with

higher tensile strengths (e.g. stainless steel) versus softer alloys (e.g. aluminum). This

general trend can be found within any particular type of alloy (e.g. brass). The mass

corroded and the rate of dissolution varied from 27 ¡rg s-r for High Test Steel #l to 770

pg s-' fo. the aluminum alloy AMS 4190. This result may not be unexpected, however, it

is of interest to understand why different metals corrode at different rates in order to

establish the use of electrocomosion for routine sample preparation. These results also

illustrate the difficulty in trying to correlate rates of corrosion to tensile strength when

looking at alloys of different composition. Other factors such as the surface area of the

metal and the presence of an oxide coating on the metal surface are also important

considerations with regard to corrosion rates. A direct result of this chemical property is

that lower rates of corrosion were observed in metals with such oxide layers. Solubility

of the cor¡oded metals in aqueous solution should also have a noticeable effect on the

rates of corrosion as an increase in metal concentration increases solution conductivity.

This would depend to an extent on the role of dissolved oxygen, or the ability for the

metal to form other complexes in aqueous solution such as MO or MOz metal oxides

which may or may not be prone to corrosion.
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Figure 3.6: Conosion of different metals using 2.5 A for 10 s in 0.025 M NaCl (n:7).

Experiments were carried out to determine if tensile strength had an effect on the

rate of electrocorrosion of different metals. For this experiment, a series of steel samples

were used. These steel samples were chosen because of their availability, similar

composition and documented values for their tensile strength. Figure 3.7 shows the mass

of corroded metal for a series of stainless steel samples that ranged in tensile strength

from 60 to 1 18 kpsi. In general, it could be hypothesized that if a relationship existed

between tensile strength and corrosion rates, then the softest steel should corrode at the

highest rate. Figure 3.7 shows some degree of relationship between the two properties.

However, the stainless steel with the highest tensile strength, Blue Max 2100@ (118

kpsi), did not corrode at the highest rate. Stainless steel 11018-M, which had the highest

amounts of Mn (1.6%), Cr (0.09%) and Ni (2.0%), had the highest corrosion rates,

whereas alloy 6013, which had the lowest concentrations of Mn (0.6%), Cr (<0.01Yo) and

tr 308L (Steel)
@Low Zn Brass
n AMS 4190 (Ar)
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Ni (<0.01%), had the lowest corrosion rates. This suggests that elemental composition of

the steel, rather than tensile strength, is more useful for predicting the rate of

electrocorrosion.
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Figure 3.7: Correlation of the mass of corroded steels with tensile strength for various
steel samples: 11018-M (110 kpsi), Blue Max@ 2100 (ll8 kspi), E7018 (70 kspi), E6013
(60 kpsi). Electrocorosion was achieved using 2.5 A cm-', for 10 s in 0.025 M NaCl
(n:7).
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To evaluate the possible effect of the composition of the aqueous solution on corrosion

rates for different metals, several experiments were performed using salt solutions of

various aqueous anions. For these experiments, 0.025 M solutions of NaF, NaCl, NaBr

and Nal were prepared for electrocorrosion of pure Zn, Ni, Cu, Ag, and Au. These

metals were chosen in order to provide a range of standard reduction potentials (E").

Metals that have very high reduction potentials (Table 3.1), are more difficult to corrode.

Some electrocorrosion reactions favor HzO electrolysis rather than redox reactions with

the metals, decreasing the rates of corrosion considerably.

90 120

Tensile Strength (kpsi)

150
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Table 3.1.: Standard reduction potentialsls

Reaction

Gold

Au* + e- <+ Au(s)

Iodine

I2(s) + 2e' <+ 2I-

Silver
Ag* + e- <+ Ag(s)

Copper
Cu*2 + 2e- <+ Cu(s)

Nickel
Ni*2 + 2e-e Ni(s)

Zinc
Zn*z + 2e- <> Zn(s)

Figure 3.8 shows the electrocorroded mass of each of these metals in 0.025 M

NaCl after 10s at l0 A cm-2 of applied current. For comparison, the electrocorroded mass

of each metal in 0.025 M NaBr after 10 s at 10 A cm-2 is shown in 3.9. Some general

observations can be made from these experiments. For example, the mass coïïoded (rate

of conosion) of each metal in a Cl- matrix is similar, within experimental error, to that in

a Br- matrix. When Au was the target metal, oxidation or electrocorrosion did not occur.

For all of the halides except F-, this can be explained by the fact that they are easier to

oxidize than Aul8. Therefore, under these conditions, Au could not be oxidized and is not

included in the f,rgures. These experiments also illustrate that Eo of the pure metal alone

may not be useful for predicting relative rates of corrosion since Ag was found to corrode

at a much higher rate than the other metals. In the case of Ag , iI may be better to describe
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the oxidation in terms of AgCl formation and recognize that the AgCl layer on the

surface of the Ag (s) is not necessarily passive, as it is still conductive.
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Figure 3.8: Mass of corroded metals for 10 s in 0.025 M NaCl (n:7).
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Figure 3.9: Mass of corroded metals for 10 s in 0.025 M NaBr as a function of applied
current (n:7).

2.5

In similar experiments the relative rates of corrosion for pure metals was

examined in different halide solutions, primarily to determine if different anions would

affect the rate of electroconosion. It is hypothesized that anions of different mass will

have different kinetic energy if an ion-metal collision process were occurring on the

sample metal surface. In terms of mass, F- is the lightest and therefore, one might expect

the lowest rate of corrosion to be associated with this ion. For these experiments, Ag, Cu,

Ni and Zn were electrocor¡oded in 0.025 M solutions of NaF, NaCl, NaBr and NaI.

Figure 3.10 shows the effect of different halides on the corrosion of Zn. This behavior is

representative of each of the metals except for Ni. One can conclude that the effect of

halide on the rate of corrosion is minimal, which strongly suggests that a kinetic or

5

Current (A)

10
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collision type of process is not likely and that electrolysis is the likely mechanism for the

dissolution of metals. Other than Au, which is difficult to oxidize in aqueous solution, Ni

is an interesting exception to this general trend. The electrocorrosion of Ni in different

halide solutions is shown in Figure 3.11. Nickel has comparable corrosion rates to other

metals such as Zn when 0.025 M NaBr or NaCl are used. When 0.025 M NaF and Nal

are used, electrolysis or oxidation of Ni occurs at a very low rate relative to when Cl- and

Br- are used.
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Figure 3.10: Electrocorrosion of Zn (E' :
solutions for 10 s (n:7).
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2

It is impoftant to understand what is occurring with the solution as

electrocorrosion is occurring as certain halides seem to allow corrosion while others do

not. An experiment was devised in order to see if the resultant solution remained neutral

(pH of 7) or if another effect was taking place. Measurements of pH were taken before

and after electrocorrosion in various solutions and the results are shown inTable 3.2.
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Table 3.22 The effect of electrocorrosion on pH of the sample solution over 20 s at 2.5 A,
cm-'.

Element

Ag

Au

Aqueous Solution

Cu

NaCl
NaBr
NaF
NaI

NaCl
NaBr
NaF
Nal

NaCl
NaBr
NaF
NaI

NaCl
NaBr
NaF
Nal

NaCl
NaBr
NaF
Nal

Ni

Initial pH

6.6
7.0
7.3
7.3

6.5
7.3
7.1

7.0

6.9
7.2
7.1

7.1

6.5
6.7
7.1

6.9

7.1

7.1

7.0
6.8

Zn

Final pH

11.1

10.5

9.6
11.1

9.6
9.3
10.1

10.0

1 1.0

10.5
10.2
10.7

10.3

9.2
9.0
9.9

9.2
9.6
10.3
7.9

For all the metals in each halide solution, pH was found to increase significantly from a

pH of approximately 7 before current was applied to 10 after current was applied. The

change in pH occurred rapidly and is consistent with the following mechanism that has

been described for many metals in the literature6l:
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and

M+nHzO ) Mn*+nOH- *ruzHz

One might expect, by Table 3.1, that the electrocorrosion of Cu would be higher

than Ni, however, this is only true if Ni is oxidizing directly to Ni*2. Nickel oxidation

resulting in the formation of a Ni(OH)2 passive layer on the metal surface greatly affects

the conductivity of the metal surface, in some cases will cease conductivity all together22.

In 0.025 M Nal, the I- oxidizes more readily than Ni. This was easily observed, since a

dark brown color quickly formed in the solution, indicating fhat Iz (aq) or l3-(aq) was

forming. When NaF was used, a different situation likely occurs on Ni. As with I-, pH

increases and corrosion of the Ni surface does not occur. Oxidation of F- (aq) to F2 (g)

does not appear to occur at this point, and there is no experimental evidence to suggest

that F2 (g) is formed. This is likely because F- lBo: +2 8V) is a much harder ion to

oxidize than l-(aq) (Eo: +0.54V). Nickel has been described as one of the least corroding

metals in F- media and in liquid HF, Ni is the only anode material of choice for

electrochemical perfluorination of organic compounds witli anhydrous HF2a.

Pourbaix diagrams are useful for determining the condition that a metal might be

susceptible to corrosion or oxidation at various pH levels. Pourbaix diagrams overlay the

stability or dissociation diagram of water with the redox and acid-base chemistry of

metals. The Nernst equation (Equation 3.1) is used in the construction of the diagrams,

relating the thermodynamic stability of specific products at various pH levels.

Mn* + nOH- ) M(OH)" (s)
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Equation 3.1:

Where E is the half cell potential, Eo is the standard reduction potential of the half cell, n

is the number of electrons transferred in the half cell reaction and. ABs and. AA6 are

activity coefficients of the reduced and oxidized species respectively. These coefficients

are unity for pure solids, while liquids, solvents and solutes are expressed in

concentration (moles L-l), and gases as partial pressures (bar).

The Pourbaix diagram (Figure 3.12) indicates if a metal is in a region where

corrosion is more favourable or whether the metal is resistant to corrosion. There is

another case where there is a potential for passive film formation. These areas may slow

oxidation or prevent it, though the formation of these films is still a source of

controversy. Pourbaix diagramsto for Ni indicate that a passive layer consisting of

Ni(OH)2 and possibly NiO can form at a pH of 10. This passive layer may be enough to

prevent corrosion and oxidation of Ni. It is interesting to note that ions such as Cl-

actually delay the formation of the passive layersa's7 and can cause pitting on the surface

of Ni, which is why electrocorrosion occurs readily in 0.025 M Cl- or Br- media, but not

in 0.025 M F-.

E : Eo - ((0.05916 V) x (z)-t) x tog( (A"*) x (AA¡))
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Figure 3.12: Pourbaix diagram for Ni 5a

The rate of electrocor¡osion of an alloy with a high concentration of Ni was also

examined to determine if it would behave in a similar manner as pure Ni. The alloy

stainless steel 308L was chosen because it contained a fairly high percentage of Ni (9-

11%) with Fe and Cr as the predominant elements. Figure 3.13 shows the mass of Ni

coroded from stainless steel 308L at 10 A cm-2 in 0.025 M NaCl, NaBr, NaF or NaI over

a period of l0s. It is interesting to observe that the rate of corrosion of this alloy was

similar in 0.025 M Cl-, Br-, and F-. However, in 0.025 M I-, the rate of dissolution of

metal was much less. When 0.025 M NaI was used, the rate of dissolution of the alloy

308L with 9% Ni was 10-20 Lrg s-r, which is similar to the low rate of dissolution of pure

Ni. Iodine or I2(aq) or þ(aq) formed readily, indicating that oxidation of I- occuped

preferentially over oxidation of the alloy surface. When 0.025 M NaF was used, the rate
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of dissolution of the alloy 308L with 9% Ni was 800-1000 pg s-r, which was not similar

to pure Ni. When Ni is in an alloy, F- may attack Fe and Cr and coincidentally allow Ni

corrosion. Therefore, if the main components of the alloy were attacked by F-, then Ni

would also be more readily available for corrosion due to surface area.
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Figure 3.13: Mass of dissolved Ni from stainless steel 308L over time. Electrocorrosion
was carried out at 10 A cm-2 in 0.025 M NaCl, NaBr, NaF and Nal (n:7).

These experiments strongly suggest that the use of I- in the electrocor¡osion

solution is not recommended if the target metal contains significant amounts of Ni. For

most metals, 0.025 M Cl-, (as NaCl), is likely the preferred anion of all the halides.

Additional experiments were carried out to determine whether preferential removal of

metals such as Cr occurs during electrocorrosion of a sample that is high in Ni. If

preferential oxidation and corrosion of one or more elements occurs in an alloy, then the

0 ¿ 468
Time (s)

l0 12
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application of electrocorrosion for sample preparation is compromised. This experiment

was carried out by applying 2.5 A"m-2 to the stainless steel 308L in 2 s intervals starting

from 4 to 14 s in 10 mL of 0.025 M NaCl. After each interval, 1 mL was removed for

analysis using FAAS. Figure 3.14 shows the mass of Cr and Ni in the NaCl solution over

time as a 2.03: 1 ratio. The nominal composition of Cr is i 8-21% and Ni is 9-77 %o,

which indicates that the expected relative amounts of metals were measured.

Furlhermore, since the ratio of Cr to Ni did not change significantly over time, it can be

concluded that preferential elemental removal did not occur for these elements in steel.
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0

Figure 3.14: Electroconosion of Cr and Ni in stainless steel 308L in 0.025 M NaCl, at
2.5 A, cm-2.
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Introduction of the solutions containing electrocorroded metals into an ICP-MS

was carried out using stainless steel 308L in 0.01 M NaCl. Figures 3.15-17 show the

mass scans of over 0- 15 s. In terms of signal intensity, these Figures illustrate the length

of time required for detecting trace levels of metals such as Ni and Mn in stainless steel

(the peak at 56 amu is 56Fe*'and 40A1160*;. when an electrolyte such as NaCl is used,

some practical considerations regarding its use should be noted. For example, although

the addition of the electrolyte is essential for carrying charge in the electrocor¡osion

solution, it is a possible source of metal contamination as well as a spectral interference

due to the formation of '5cl'6o*, which interferes with slv*. A number of simple

solutions can be used to overcome these types of chemical or spectral interferences such

as using an alternative salt (e.g. NHaNO3). Trace levels of transition metals can also be

removed easily by running the salt solution through an ion-exchange resin such as 8-

hydroxyquinoline.

50000

40000

30000

20000

10000

0

I

Ø
o+,
?
J
oo

Figure 3.15: ICP-MS mass scans showing the formation of 58Ni*, 60Ni* and 55Mn* irt
stainless steel for 0 s in the electrocorrosion solution.
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Figure 3.16: ICP-MS mass scans showing the formation of ssNi*, 60lrli* and t'Mn* irt
stainless steel for 5 s in the electrocorrosion solution.
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Figure 3.17: ICP-MS mass scans showing the formation of ssNi*, 6\i* and 55Mn* in
stainless steel for 15 s in the electrocomosion solution.
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Figures 3.18 and 3.19 show time profiles of t'Cr*, ssMn* and 60lrli* from the

electrocor¡osion of stainless steel-308L. The composition of 308L is 19.5-22%o Cr, 9-17Yo

Ni and I-2.5o/o Mn as well as other trace metals and Fe. The argon dimer 80Ar2* was also

monitored to qualitatively determine if drifting, or possibly, loading of the plasma

occurred, shifting or reducing the overall signal as the electrocorrosion solution was

introduced. Metal in high concentration is2cr*) was monitored as shown in Figure 3.18

and for clarity the behavior of metals that were lower in concentration (ssMn* and 60lNi*¡

is shown in Figure 3.19. In these experiments the electrocorrosion solution was

continuously introduced into the ICP. A small stir bar was used to keep the

electrocorrosion solution as homogeneous as possible. At approximately 45 s, and again

al 160 s current was applied to the metal samples resulting in the increased signal after

approximately 25-30 s when the solution reached the nebulizer. Sample was introduced

directly into the plasma and no further treatment of the solution was performed. Since the

Ar2* was not suppressed, it appeared that plasma effects such as loading were minimal.

Time profiles illustrate that sample introduction of Cr was reasonably well behaved,

relative to the metals of lower concentration (e.g. Mn and Ni). The %RSD of the signals

between 130 s and 180 s was 5.04% for Cr, 10.78% for Ni, and 8.38% for Mn. The high

%RSD is probably due to the heterogeneity of the electrocorrosion solution, which

contains a disperse colloidal suspension. All of the ICP-MS signals appeared to be

somewhat noisy, particularly when low levels of metals (ttMn*) are monitored. The

noisy signals encountered are also likely a result of the heterogeneity of the colloidal

suspension allowing for inconsistent sample introduction. At no point did the glass

concentric nebulizer clog, however, some flicker of the plasma was observed.
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Figure 3.18: Continuous monitoring of s2cr* in the electrocorosion solution over time
using ICP-MS.
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Figure 3.19: Continuous monitoring of 58Ni* and ssMn* in the electrocorrosion solution
over time using ICP-MS.
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To illustrate the effects of solution heterogeneity on signal reproducibility, an

experiment was carried out to compare signals of s2cr*, 60lVi* and ssMn* before and after

the addition of 100 pL of concentrated HNO3 to a 20 mL sample containing the colloidal

suspension. The colloidal suspension was prepared with an applied current of 2.5 A cm-2

using stainless steel 308L in 0.01 M NaCl for different time intervals. The results of

these experiments, which are sununarized in Table 3.3, illustrate how addition of 100 pL

of concentrated HNO3 improved the signal reproducibility regardless of corrosion time.

Addition of HNO¡ did not increase signal intensity but did improve the signal

reproducibility for shorter corrosion times (5 s) and smaller signals. The slight decrease

in signals at shorter corrosion times indicates that when acid was added some additional

loading or cooling of the plasma may have occurred, especially when large

concentrations of Na*and Cl- are already in the solution. Addition of acid increased both

signal intensity and reproducibility for a longer corrosion time (40 s). Addition of HNO3

dissolved the colloidal material and improved the ionization efficiency of the ICP. For all

corrosion times, dissolution of the colloidal material improved the sample heterogeneity

and ultimately signal reproducibility.
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Table 3.3: Signal reproducibility (%RSD) before and after addition of concentrated
HNO3

100 ppb std.

5s no acid

5s + HNO3

20s - no acid

20s + HNO3

40s - no acid

40 + HNO3

ssMrr*

3129 t 5.63

32320 x t2.8

34270 + 4.28

175800 + 5.60

240800 + 2.29

343500 + 5.52

398900 t3.59

Signal (Counts s-r)ttcr* 6oNi*

840 + 4.71

11070 + 9.55

9975 + 5.23

53350 + 4.26

1648013.86

128700 r 4.83

133600 I 3.60

To test the feasibility of electrocorrosion for quantitative analysis, the

determination of Ni, Cu, Co, Al, Pb and Ag was carried out on a sample of known

composition. A Cr-V steel standard from the National Institute of Standards and

Technology (NIIST 663) was electrocorroded for 10 s at 2.5 A in a 0.01 M NaCl solution.

The elements were chosen to specifically demonstrate the feasibility of the

electrocorrosion apparatus to perform sample preparation of trace elements over a range

of concentrations. Metal determination was carried out by GFAAS using the method of

standard addition. The results of this experiment are summarized in Table 3.4. All of the

determined concentration values with corresponding standard deviations overlap those of

the reference material values and associated confidence intervals.

163 t 4.34

3983 r 15.8

3621t9.19

20170 ! 6.69

28580 ! 4.43

45540 + 5.53

52000 + 4.20

noA.r*

87860 !3.39

87140 + 2.44

61410 t2.14

56600 + 3.00

6t360 x2.02

64990 + 2.00

62240 + 2.44
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Table 3.4: Determination of trace elements in Cr-V
deviation was calculated from four trials.

Certified
Found

Certified
Found

Ag
0.0038 + 0.001

0.003 r 0.001

Ni
0.32 t 0.01

0.33 + 0.01

* not certif,red.

Concentration (%)

3.2 Spark Ablation

Steel $IIST SRM 663). Standard

Spark ablation is similar in principal to electrocorrosion, though differences exist.

In spark ablation, current is carried via a high-voltage electric discharge (spark) where

electrons accelerate to neighboring metal samples. Conversely, electrocorrosion depends

on solution conductivity to carry electrons. The sample gap is critical in spark ablation.

Due to high solution resistivity (18 MO De-ionized water), the sample gap must be

sufficiently small to overcome the solution barrier. If the metal samples are placed far

apart from each other, a spark will not form.

Many properties of high-powered2a and low-powered2s spark ablation in aqueous

solutions have been previously described. This research was dedicated to the

characterization of low-power ablation of metals thaf are difficult to oxidize such as Au

and Rh.

Wide ranges of metals were chosen to see if ablation rates varied for different

metals. Another goal for this particular experiment was to see if Rh and Au would be

Cu
0.098 r 0.005
0.098 + 0.010

AI
0.24 ! 0.01

0.25 + 0.07

Pb
0.0022 + 0.0001

0.0022 r 0.0001

Co
0.048 + 0.05
0.048 + 0.01
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ablated into solution. The graphs were created by weighing the metal samples before and

after ablation, with the change in mass being plotted over a range of ablation periods

from 60 to 120 s. As expected, there is an increase in mass lost over time. Figures 3.20-

3.22 demonstrate that not only are all metals ablating at similar rates, but that difficult to

oxidize metals (e.g. Rh and Au) can be rapidly ablated into solution by spark ablation.
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Figure 3.20: Spark ablation of different metals over a period of 60 s.
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Figure 3.21: Spark ablation of different metals over a period of 90 s.
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Figure 3.22: Spark ablation of different metals over a period of 120 s.
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The solution in which spark ablation occurs plays a crucial role as it creates the

resistance through which the spark can occur. If the solution were to become conductive,

the spark may become weak. This may decrease the rate, or cease ablation all together.

The effect of volume and ablation time on signal intensities was investigated to

understand this principal more completely. Iron in stainless steel 308L was monitored by

FAAS for a period of 30 to 150 s at volumes of 10 mL and 50 mL, the results are plotted

in Figure 3.23. Here, the rate of ablation is decreasing in the smaller volume more

rapidly than in the larger volume sample. This is due to the total conductivity of the

solution increasing at a much higher rate compared to the larger volume. This increase in

solution conductivity reduces the energy of the spark directed to the metal samples,

therefore reducing the total rate of ablation over time. The larger volume requires

significantly more metal in solution in order for the conductivity of the solution to

increase significantly. This factor is important to understand if analysis for trace

elements is to be conducted which will require longer ablation periods to extract the

lower concentration elements.
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Figure 3.23: Effect of volume and ablation time on signal intensity of Fe in alloy 308L.

30

The effect of ablated material in solution on conductivity was also investigated

with two different metals to observe the correlation between solution conductivity and

signal intensity. Steel alloy 308L and a brass sample were ablated over a period of 30 to

300 s with the resulting solution analyzed for conductivity (S cm-2). Figure 3.24 shows

how increasing ablated mass in solution increases the conductivity. This effect will

ultimately reduce the rate of ablation over time.
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Figure 3.24: Effect of conductivity on the ablated mass in solution.

The analysis of Cu and Ag in Au standards obtained from the Royal Canadian

Mint was investigated by spark ablation. These experiments were performed to

determine if spark ablation in the liquid phase could be used for quantitative analysis of

trace metals in Au. One of the properties associated with spark ablation is the

heterogeneous natute of the post-sparked solution. In many cases, colloids can be

dissolved by small amounts (50 ¡rL) of acid, creating a homogeneous solution ready for

sample introduction to an ICP. Typically, Au is dissolved with a strong oxidative acid

such as aqua regia (3:1 HCI to HNO3) because weaker oxidative acids such as HNO3

alone are not strong enough dissolve Au. Difficulties can emerge when analyzingfor Ag

in Au due to precipitate formation upon addition of aqua regia. Thus, experiments were

designed to see if analysis without the addition of acid is feasible. Cu, which has a 7Yo

6t



balance in bullion reference material (BRM-1), was analyzed over several different time

periods. The solution was sparked and colloids were allowed to settle for 5 to 70 s before

introduction into the GFAAS for final analysis. All trials (n:6) were run in a set volume

of 25 mL. Results are represented by percent relative standard deviation (%RSD) over

time. Figure 3.25 shows that at 5 s, the %RSD is high relative to the rest of the results

due to little sample available versus the larger volume. As ablation time increases, so

does the amount of colloid in solution, therefore the solution is more homogeneous with

respect to the colloids. This means that with techniques such as GFAAS, set volumes are

being introduced into the furnace. If the solution is more densely populated by colloidal

material, the likelihood of receiving a similar amount of sample in the furnace each time

is relatively high over multiple trials versus the likelihood of the same situation occurring

with fewer colloids. These results demonstrate that at longer ablation times, acid is not

necessarily needed, though analysis for bulk elements may mean that highly sensitive

instruments such as GFAAS are no longer required. Problems may arise when

consistency is needed for analyzing bulk and trace elements concurrently while using a

similar volume and instrument, therefore considerations like volume and time must be

made.
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Figure 3.25: Relationship of %RSD of Cu in BRM-1 with respect to spark time.
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In the case of BRMs, Cu and Ag percentages varied from 1-10% and 4-15%o

respectively, therefore a need for ablation times shorter than 70 s is required so that

signals are not too high. Acid must now be considered to create a homogeneous solution.

Acid addition experiments were constructed in order to find out which acid would be

suitable for Cu and Ag analysis in BRM samples. Ultra pure HNo3, HCl, aqua regia

were compared with controls to see if any method would produce low sample deviations.

All volumes and samples were fixed as were ablation times in order to focus on colloidal

dissolution effects and not effects from sample gap or conductivity. All trials were run in

multiples of 10 ablated over a period of 60 s and results recorded with respect to %RSD

for Cu (Figure 3.26) and Ag (Figure 3.27). Figure 3.26 demonstrates little to no

problems associated with the addition of acid to Cu signals. In fact, all of The Yo RSDs

are lower with acid than without. Figure 3.27 indicates higher % RSD values when using

70 75
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HCI containing acids showing a possible interaction between Cl and Ag as AgCl. This

can be contrasted with the relatively low %o RSD with use of HNO3. Therefore, HNO3

addition of over 300% can be used to digest and stabilize the small amount of colloids

(50 pL) in solution so Ag determination in Au can proceed.
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Figure 3.26: %RSD of Cu in BRM-1 using various acids.
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Figure 3.27: %RSD of Ag in BRM-I using various acids.

Quantitative analysis of Cu and Ag in BRM-1, BRM-2, BRM-3 is possible, as a

method for Ag determination has been established. In these experiments, the BRMs were

ablated in GFAAS plastic cups and the analysis was performed by the method of standard

addition. A spark time of 90 s was used in a volume of 6 mL. A 50 pL aliquot was then

removed and digested in 200 prl. of HNO3, then dilute d, to 25 mL and introduced directly

into the GFAAS without any further preparation. Values for all BRM's show excellent

reproducibility and accuracy compared to certified values, as seen in Table 3.5-3.7
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Table 3.5: Quantitative analysis of Cu and Ag in BRM-I.

Ag

Found (%) 3.85

4.48

4.35

3.72

3.90

4.07

3.89

3.80

Average (%) 4.01t0.27

Certified (%) 4.15 + 0.36

*Cu values are not certified, but percent balanced to l00o/o

Cu

0.91

1.06

0.84

0.82

0.93

0.92

0.97

1.03

0.94 t 0.09

l*

66



Table 3.6: Quantitative analysis of Cu and Ag in BRM-2.

Ag

Found (7o) 8.21

7.87

8.01

8.87

8.15

8.01

8.43

7.69

Average (%) 8.16 !0.31

Certified (%) 8.03 + 0.20

*Cu values are not certifTed, but percent balanced to l00o/o

Table 3.7: Quantitative analysis of Cu and Ag in BRM-3.

Cu

2.16

2.07

1.79

2.lt
1.84

1.92

1.97

1.90

t.97 x0.13

2*

Ag

Found (%o) 12.27

12.15

12.10

12.05

12.50

lt.7t
t2.14

11.90

Average (%) 12.1010.24

Certified (%) 12.08 t 0.33

*Cu values are not certified, but percent balanced to l00o/o

Cu

2.63

3.14

3.34

3.11

3.23

3.04

3.14

3.38

3.13 t0.23
1*J'
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3.3 Scanning Blectron Microscopy (SEM) and Energy Dispersive-X-ray
Fluorescence (ED-XRF) of Electrocorrosion and High and Low-
Powered Spark Ablation

Qualitative comparison of spark ablation and electrocorrosion by SEM and ED-

XRF can provide information about chemical and physical properties that are occurring

on the surface of the metal samples. An illustration of high-powered spark ablation, low-

powered spark ablation, and electrocorrosion approaches that were performed for these

experiments can be seen in Figure 3.28.

H
High-Powered

Ablation

ffiM
Electrocorrosion t"i;",i,ìii"o

Figure 3.28: Sample positions of the different techniques. Sample gaps for high-
powered ablation, low-powered ablation and electrocor¡osion being 1 mm, 3 mm, and 0.5
mm respectively

SEM images of stainless steel

under high power (10 A cm-z) for 2

metal sample. Here, areas A through

308L were taken after the metal sample was ablated

s. Figure 3.29 shows alarge pit in the side of the

C were chosen as spots of interest as they represent
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different characteristics of the ablation crater, and subsequent magnif,rcation was

performed.

Figure 3.29: SEM image of alloy 308L after high-powered (10 A cm-2) spark ablation

Area A was the area of highest impact and the deepest part of the crater, which

can be seen by higher magnification in Figure 3.30. Energy dispersion-XRF spectra were

also taken from Areas 1 and 2. These spectra demonstrate an important characteristic of

high-powered spark ablation, which are the difficulties associated with excessive damage

to the surface.
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An ED-XRF spectrum of Area 1 (Figure 3.31) shows the presence of Si (1% in

308L). When compared to the ED-XRF spectra of Area 2 (Figure 3.32), the lack of an Si

peak demonstrates that a high-powered spark may be more difficult to control, meaning

possible problems with representative sampling.

Figure 3.30: Higher magnification of Area A of Figure 3.29.
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Figure 3.31: ED-XRF spectra of Area 1 from Figure 3.29.
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Figure 3.32: ED-XRF spectra of area 2 from Figure 3.29.
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Figures 3.33 and3.34 are higher magnification images from Areas B and C from

Figure 3.29 respectively. Both Figures demonstrate the high-energy which was impacted

at the metal sample surface, as molten metal had formed and hardened. ED-XRF spectra

of areas 3 through 6 confirm the difficulties in maintaining a consistent spark with high-

powered spark ablation, as peaks for Cr, Fe, and Mn fluctuate significantly. The Si peak

may be an impurity derived from the glass vessel as the peak is only observed in two

discrete areas.

Figure 3.33: High resolution (10 pm) of Area B from Figure 3.29.
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Figure 3.34: High resolution (10 prm) of Area C from Figure3.29.
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Figure 3.35: ED-XRF spectra of Area 3 from Figure 3.34.
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Figure 3.36: ED-XRF spectra of Area 4 from Figure 3.34.
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Figure 3.38: ED-XRF spectra of Area 6 from Figure 3.34.
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Low-powered spark ablation (<1 A cm-2; wus performed for a 60 s period and

investigated by SEM and ED-XRF. Figure 3.39 shows a distinct difference between this

technique and high-powered spark ablation. Here, ablation appears to be more

homogenous, and as a result sampling is probably better controlled. The pitting is less

severe and distinctive ablation zones can be identified (Areas D through F). Sparking

was concentrated around Area F. The vertical striations as seen on the right side of Area

D in Figure 3.39, shows the direction of the filing pre-spark for surface preparation of the

metal sample before sparking had occurred.

Figure 3.39: Low-powered spark ablation of alloy 308L.
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Figure 3.40 is a higher magnification of Area D where 3 distinct interfaces can be

seen. Area (i) is a boundary area between a non-sparked surface (dark region) where the

metal was previously broken away, and the hled portion of the metal sample. Area (ii) is

the boundary interface between the filed area of the metal and the area where sparking

occurred.

Figure 3.40: Higher magnification of Area D from Figure 3.39.
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Figure 3.41 shows the boundary of the sparked region of area E from Figure 3.39

under higher magnification. By the various melted areas, this figure illustrates that there

is not only one large crater, but many smaller craters.

Figure 3.41: Higher magnification of area E from Figure 3.39.

Figure 3.42 shows low-powered spark ablation of alloy 308L, where the most

concentrated region of sparking took place (Area F from Figure 3.39). This figure
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demonstrates that although low-powered spark ablation was used, melting of the metal is

likely occurring, though the pitting is not nearly as deep or severe as with a high-powered

spark. Surface characteristics do not show jagged edges and cliffs as seen from high-

powered ablation in Figure 3.34. The low-powered spark ablation (Figure 3.39) allows

for a more homogeneous sampling of the metal surface, as shown in three distinct regions

that have similar ED-XRF spectrographs (Area 8 from Figures 3.41 and3.42).

Figure 3.42: High resolution (10 ¡,rm) of Area F from Figure 3.3.12.
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Figure 3.43: ED-XRF spectrogram of Areas 8 from Figures 3.41 and 3.42.
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Electrocorrosion was performed on alloy 3 16L over a period of 5 s at a current of

2.5 A cm-2. Figure 3.44 shows the distinct differences between this technique and spark

ablation. Whereas spark ablation focuses energy on a discrete location, electrocorrosion

erodes the entire submerged portion of the metal sample. The nature of elemental

removal is also contrasted. Here, electrocorrosion removes metal predominantly by

redox type reactions, leaving a porous (minute, micro pitting), almost flaky surface.

Figure 3.45 shows in high magnification the pores left after electrocorrosion.

Energy (l€V)
n

80



Figure 3.44zTip of the metal sample (alloy 3I6L) after electrocorrosion.
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Figure 3.45: Higher magnification of Figure 3.44.

Figure 3.46 shows the highest resolution of Figure 3.44. The uniformity of the

surface demonstrates the homogeneity of the sampling. ED-XRF spectra were taken on

several different locations with the result shown in Figure 3.47. Due to their similarity,

only one spectra, which is representative of all the ED-XRF spectra is shown. The

similarity in the ED-XRF spectra of the corroded surface provides fuither proof of the

homogeneous sampling of the metal surface relative to high-powered spark ablation.
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Figure 3.46: High resolution (10 ¡rm) from Figure 3.44.
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Some final comparative observations can be made from the three different

techniques. First, it is readily apparent from Figures3.29 and 3.36 that spark ablation is

focused in discrete areas, where ablation occurs primarily as a result of mechanical

ablation from the current. Electrocorrosion occurs over the entire submerged portion of

the metal sample, where corrosion is based on redox reactions. Metal sample

disfiguration is much less apparent with electrocorrosion, especially if long periods of

ablation/corrosion are required. Thus for samples where pitting may be prohibited,

electrocorrosion may be the technique of choice. Electrocorrosion SEM images also

indicate an increase in surface area due to the porosity of the metals surface. This could

play a signif,rcant role with regards to corrosion rates. In cases where the need for

5 10 15 n
Energy (leV)
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mechanical ablation is required (e.g. Au), spark ablation is able to ablate materials, and

will provide minimal effects of pitting or discoloration.
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4.0 Conclusion

Both electrocorrosion and spark ablation are useful alternatives to acid digestion

for rapid metal sample preparation in aqueous solution. Electrocorrosion demonstrated

deficiencies for corrosion of Au and Rh, as HzO is easier to oxidize than either metal.

Formation of passive layers on certain metals (Ni), could be accredited to the halides in

solution. Surface properties of steel after electrocorrosion, as shown by SEM images,

demonstrate less pitting and increased surface homogeneity when compared to high-

powered spark ablation. Therefore, this technique could be used for samples where

discoloration and disfigurement need to be avoided. Future research may focus on

utilizing different conductive solutions to overcome passive layer formation on certain

elements like Ni. This would make electrocorrosion a technique that can be applied

universally to metals.

Spark ablation can be used to dissolve a wide variety of metals in aqueous

solution. Quantification of Ag in Au was successfully accomplished by ablation followed

by nitric acid addition and subsequent dilution before final analysis by GFAAS. SEM

images confirm that large or bulk materials can be ablated in little time by high-powered

spark ablation, though pitting and sample disfigurement are observed. Low-power spark

ablation can be used for trace elemental work to ablate difficult to oxidize metals (e.g.

Au, Rh) with less disfigurement.
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