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Welcome to EC-011 from Roberts Corrosion Services. I'm Mike Roberts. This is module 4 of

7 in the Electrochemistry and the Galvanic Series set, on the External Corrosion track —

and this is the one the whole set is named for. The last module gave you the matched pair

— oxidation and reduction, locked together, always balanced. What it deliberately never

told you is which metal takes the oxidation when two different metals share one cell. That

answer fits on a single page, and by the end of this session you'll read that page the way

the ground does.

Let me start you on a survey week — two compressor stations, same week, same tech.

You.

The first one is the yard every crew learns to dread. The native potentials loaf in the −500s

no matter the season. The instant-off readings crawl toward criterion and never quite arrive.

The protective current has been nudged up so many times over the years that the log reads

like a slow surrender, and every annual report needs that one extra paragraph explaining

why the numbers still look the way they look. And here's the strange part. When this yard

actually gets dug, the pipe usually comes up in better shape than the readings predict. The

meter says trouble. The steel mostly disagrees. And nobody has ever put a satisfying

reason on it.

The second station is a new build — first survey since commissioning. Same class of pipe.

Same coating spec. Dirt so similar you could swap the soil reports. But this survey reads

like a textbook. Natives sitting right where steel belongs. Instant-offs past criterion without

the system breaking a sweat. There is exactly one difference, and it isn't underground luck

— it's on the drawings. The old yard's grounding grid is bare copper. The new one's is zinc

ribbon. Somebody chose a different metal to bury, and the entire survey experience

changed with it.

So hold those questions. Why would the metal a pipeline is grounded with change the

voltage the pipeline reads? Why does copper make a yard nearly impossible, and zinc make

it easy? And which yard is actually better protected — the one with the ugly numbers, or the
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one with the pretty ones? All of it answers to one page. A ranking called the galvanic series,

and the electrode potentials behind it.

First, the number itself — because every metal has one.

Bury a piece of metal in moist soil. Connect a voltmeter between that metal and a reference

electrode resting on the ground above it — for soil work, that's the copper-copper sulfate

reference electrode (CSE), the cell on every survey truck. The meter settles on a number.

Come back tomorrow — same number, near enough. That's the metal's electrode potential

in that environment. Repeatable as a fingerprint. Why that particular cell works is a later

module. Today, just know that every potential is measured against something.

And you can watch it live on any yard where the metals aren't bonded together — an

isolated steel riser, then a galvanized post, then a copper ground rod. Three metals, one

soil, three different repeatable numbers. You're not measuring one structure three ways.

You're reading rows off a list you haven't seen yet.

What does the number mean? One sentence from the last module carries it. A metal

corrodes by shedding electrons — and different metals push to shed them with different

intensity. That's the refining energy stored in the metal, working to get back out. The

electrode potential is a gauge reading on that push. More negative means more active —

the metal is pushing harder to oxidize. Less negative means more noble — content to sit

there and let some other metal do the corroding.

One honest footnote before I hand you the ranking. A chemistry textbook will show you a

similar-looking list — the standard electromotive series — built from pure metals in

laboratory solutions. Real science, wrong tool for a right-of-way. Ours is the practical

galvanic series — actual potentials, measured on actual construction metals, in real soil and

water. Somebody measured these numbers in the dirt. Which is exactly why they work in

the dirt.

Now the page itself. Sort those measured potentials from most negative to most positive,

and you get the galvanic series. Let me read you the shape of it, for metals in neutral soils

and water — top to bottom, active end to noble end.

At the very top, magnesium — −1.50 to −1.75 V. Then zinc, at −1.10 V. Aluminum alloy, −1.05

V. Then a gap — and clean carbon steel, somewhere between −0.50 and −0.80 V. Call it

−0.65 in the middle. Below that, cast iron and lead around −0.50. Rusted steel — −0.20 to

−0.50. Then steel in concrete, copper, brass, bronze, and mill scale, all clustered around
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−0.20. And at the very bottom — carbon, graphite, coke — sitting at +0.30. The most noble

thing on the page.

Don't memorize the decimals — they drift with the dirt. The order is what you bank on. And

reading the order is one rule, applied without exception. When two metals on this list are

electrically connected in a common electrolyte, the one closer to the active end becomes

the anode — and corrodes. The one closer to the noble end becomes the cathode — and is

protected. The higher metal loses. Every time. That's the entire framework. Everything else

in this module is detail hanging off that one sentence.

Three things to notice before we put it to work.

First — look where magnesium and zinc sit. Above steel. Wire either one to a steel pipeline,

and the series says the anode is the magnesium or the zinc. Not your pipe. That single fact

is why galvanic cathodic protection exists. A sacrificial anode is nothing more than

deliberate galvanic corrosion, aimed at a metal we chose and buried on purpose. That

gnawed-down anode from the last module wasn't a victim. It was doing its job, exactly as

written on this page.

Second — look where copper sits. Below steel. Same physics, opposite result. Couple a

steel line to buried copper — a grounding grid, a copper water service, copper-plated

fittings — and now the steel is the metal higher on the list. The pipeline becomes the

sacrificial anode, protecting copper that nobody asked to have protected. Copper's

underground reputation for being corrosion-free is real. And this is what it costs.

Somewhere, a more active metal is quietly picking up the bill. The series doesn't care which

couple you meant to build. It runs them all by the same rule.

Third — and this one surprises people — steel appears on this list more than once. Clean

bright steel near −0.65. Rusted steel closer to −0.35. Steel in concrete, and mill scale — that

blue-gray oxide skin from the pipe mill — both around −0.20. Four rows for one metal.

Which means steel can form a galvanic couple with itself. Cut a corroded joint out of an old

line and weld in a bright new one, and the series says the new steel is anodic to the old

rusted steel around it. That's exactly why replacement sections have a way of failing faster

than the pipe they replaced — unless they're protected, or isolated. A concrete wall

penetration, a shovel-scrape beside undisturbed scale — same story. You don't need two

metal types for a galvanic couple. Two conditions of one metal will do.

So the order tells you who corrodes. The numbers tell you how hard the cell pushes.
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For a dissimilar-metal couple, the driving voltage is simply the gap between the two

electrode potentials. The difference — call it ΔE. Take copper coupled to clean steel.

Copper reads −0.20. Steel reads −0.65. Subtract — and keep the signs straight, two

negatives — and the gap comes out to 0.45 V. Nearly half a volt, pushing current through

that couple, around the clock, for as long as the connection and the soil hold out. A bigger

gap means a stronger drive — magnesium to steel spans nearly a full volt, enough push to

work in soils that would stall a weaker cell. And two metals on the same row — copper and

brass, say — no gap, no drive, no problem. Nobody loses sleep over brass fittings on

copper pipe.

Let's run three couples, quick, all in moist soil. Couple one — magnesium and a steel

pipeline. Magnesium is higher, so magnesium is the anode — Mg → Mg²⁺ + 2e⁻. The drive:

(−0.65) − (−1.55) — 0.90 V. Intentional — a galvanic anode doing its job. Couple two — a

steel pipeline and bare copper grounding. Steel is higher, so steel is the anode — Fe → Fe²⁺

+ 2e⁻. The drive: 0.45 V. Verdict: problem. The sacrificial anode in this cell is the pipeline,

and nobody signed up for that trade. Couple three — zinc and steel. Zinc is higher — Zn →

Zn²⁺ + 2e⁻. The drive: 0.45 V. Verdict: intentional. Same move magnesium makes, with a

gentler push.

Notice something about couples two and three. Identical drive — 0.45 V each. One of them

is protection you'd pay for. The other is damage you'll pay to repair. The physics can't tell

the difference. Only the series tells you which end of the wire your steel is on.

And you've held one of these in your hand. A classic flashlight battery is a zinc case

wrapped around a carbon rod. Zinc at −1.10 V, carbon at +0.30 — a 1.4-volt galvanic couple

doing useful work on purpose. The battery in your flashlight and the couple loose in that

copper-grounded yard are the same machine. One of them just has a job.

One caution before you turn a gap into a verdict. Delta E predicts direction, not speed — it

does not tell you how fast metal leaves. Couples barely 50 mV apart have caused severe

damage. Metals nearly 800 mV apart have been coupled and lived. Rate depends on how

much current actually flows — soil resistivity, coating condition, and above all, one factor so

dominant in the field that it gets its own chapter.

The area effect. Two facts from the last module produce the most important practical rule in

this one.

Fact one — the cathode is where the current gets collected, so the cathode's area sets the

size of the current the cell can gather. Fact two — every bit of that current is paid for by

metal dissolving at the anode, so the anode's area is where the damage concentrates. Put
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them together. Small anode plus large cathode — a big cathode gathers a big current, and a

small anode pays the whole bill across a few square inches. The current density goes

through the roof. Pits, perforation, early failure. Flip it — large anode, small cathode — and

a small cathode can only gather a small current, spread across acres of anode. Same

physics, diluted to a nuisance.

Picture two rivets. A small steel rivet fastening a big copper plate — the steel is the anode,

and the plate feeds that tiny rivet a current hundreds of times its size. It pits, thins, and lets

go. Catastrophic. Now a small copper rivet in a big steel plate. The steel is still the anode —

the series doesn't change — but now the anode is enormous and the cathode is one little

rivet. The assembly lives a long, boring life. Same two metals. Same 0.45-volt gap. The

area ratio decided everything. That's why the rule of thumb runs — noble bolts in an active

structure, never active bolts in a noble structure. The fastener is always the small one.

Underground, the same geometry hides in plain sight. A galvanized service cap on a bare

steel main — small zinc anode, miles of cathode — corrodes fast and early. A brass valve in

a long steel line — the friendly version, mild attack near the valve. And the ugliest version is

the old yard from our hook. A copper grounding grid whose buried surface can run several

times the piping's, collecting current against a well-coated pipeline whose only anode

surface is a few square feet of coating holidays. The twist: a good coating shrinks your

exposed steel — normally its whole virtue — but in a mixed-metal couple, it also means the

entire galvanic bill lands on those few bare spots. Rough field flag — once the cathode-to-

anode ratio passes about 10:1, treat the couple as a serious threat.

Now we can settle the two yards — starting with what a pipe-to-soil reading actually is,

once metals are electrically common.

Your voltmeter can't see the pipe as separate from anything metallically connected to it —

grounding grid, structural steel, motor frames, everything the electrical code bonds

together. What the meter reads is a mixed potential — a composite of every connected

metal in the soil, weighted by how much surface each one exposes, and by how easily each

one trades current with the soil around it. The voltmeter doesn't see steel. It sees an

average. The system's center of gravity.

Run honest numbers. The buried copper — grid, rods, bonded structural steel — can easily

carry five times the surface area of the piping's exposed steel. Steel alone in that soil might

sit at −630 mV. Copper alone, around −160 mV. Connect them, and the system settles

between the two natives — pulled toward the copper, in proportion to its area and its

appetite for current. On numbers like these, the composite native lands near −510 mV.
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That's a hundred-plus millivolts less negative than the steel deserves — and in our own

casework, that offset commonly runs 100 to 200 mV. Now energize the protection and

interrupt it. The instant-off composite comes in at, say, −670 mV. Against the −850 mV

criterion, that yard reads failing. And no reasonable amount of extra current fixes it —

because most of what you add pours into the copper. That's the dread yard — numbers

worse than the pipe, output creeping year over year, a report that always needs the

paragraph.

But here's the subtler trap, and it bites in the other direction. Switch yardsticks to the 100

mV polarization-shift criterion. Apparent shift — from −510 mV native, to −670 mV instant-

off — 160 mV. Passes, easily. Except the steel's own native was −630 mV. So the steel itself

polarized at most forty millivolts — and in practice less, because the copper absorbed the

lion's share of the current. 160 mV of polarization on a composite is not 160 mV on steel.

One skew, fooling both yardsticks in opposite directions — the absolute criterion reads

falsely bleak, the shift criterion reads falsely safe. And both are honestly reporting what the

voltmeter saw. The voltmeter just wasn't looking at steel.

Cutting through doesn't take exotic tools. It takes knowing which question each tool

answers. First — drop a coupon. An external corrosion coupon is a small piece of bare

steel, buried in soil representative of the pipe's, connected only through a test-station lead.

Small, known, and free of the copper's vote — its readings are the closest thing you have to

asking the steel directly. A coupon doesn't protect anything — it's a thermometer, not a

heater. When the structure reading and the coupon disagree, believe the coupon. Second

— raise the bar, and know its cost. Where the connection can't be broken and coupons

aren't in yet, quit trusting 100 mV on a composite. Practice in mixed systems is an

exaggerated target — 200 to 350 mV of apparent shift — so the steel inside the blend still

collects at least the real criterion. But be honest about what that is — a margin, not a fix.

The extra current mostly feeds the copper, power and anode consumption climb with it, and

there's a ceiling — drive the composite much past about −1.20 V, and you start trading

corrosion for coating damage and hydrogen problems, on steel you can't directly read.

And the new station? Its designers read the same page I just handed you — and stepped

around the entire problem at the drawing stage. Their grounding is zinc. A metal from the

active side of steel on the series. Grounded with zinc, the foreign metal in the blend sits

more negative than the pipe, instead of less. Nothing noble is dragging the composite less

negative, and nothing is stealing the protective current. The grid behaves like a sacrificial

partner instead of a parasite — it nudges protection toward the steel while it does its

electrical-safety job. Same physics as the copper yard. Opposite row of the table. So —

which yard is better protected? The zinc yard, you can answer straight off the survey. The
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copper yard, you can't answer at all — not until a coupon or a bell hole weighs in. And that

is exactly the point.

So how do you break a couple you never wanted?

Every fix attacks one of the cell's four parts, and the cleanest kill is the metallic path.

Electrical isolation is the gold standard. A dielectric union on a service line. An insulating

flange kit at a station boundary. A monolithic isolation joint welded into the line. Open the

electron circuit, and a galvanic cell with no metallic path cannot run. One caution from hard

experience — isolation kits fail quietly. Crushed gaskets, arced through-bolts, moisture

tracking. A kit gets verified with a meter at every survey, not by admiring its gaskets. And

unexplained continuity to station grounds is one of the most common finds our surveys turn

up — a forgotten bond, a shorted casing, a conduit strap, with your corrosion rate riding on

it.

When isolation isn't feasible — and where grounding exists for electrical safety, breaking it

is often not your call — the fallbacks are brute force and smart geometry. Brute force is

more protective current, driven to that exaggerated target and verified on coupons. Smart

geometry is the area effect working for you — coat the noble metal. A coated cathode is a

small cathode, and a small cathode can only gather a small current. The whole cell throttles

down. And notice — that's the opposite of the instinct to armor the metal that's corroding.

Coat only the anode, and every holiday in that coating becomes a tiny anode against an

untouched giant cathode. The worst geometry on the page, concentrated on the one spot

you missed. And the cleanest move of all happens before anyone surveys anything. At

design time, pick buried metals from the same neighborhood of the series — or, like that

new station's zinc grounding, from the active side of steel — so the couple you'd otherwise

spend a career managing never gets built.

One last piece — a caution that keeps the series honest.

The series is empirical — only as true as the environment it was measured in. Soil and

seawater tables mostly agree on order, not on numbers, and marine tables are usually

quoted against a different reference electrode, so the decimals don't transfer. Temperature

moves potentials too — zinc and steel, comfortably separated at ambient, can close entirely

in hot systems. Worth remembering anywhere a hot line runs.

Two entries earn a flag. Stainless steels are the series' shape-shifters. With their passive

oxide film intact, they sit far down among the nobles. But where that film breaks down — a

starved crevice, a stagnant chloride pocket — the exposed metal goes active and jumps

most of the way up the ladder. One alloy. Two positions. Sometimes on the same fitting.
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And old gray cast iron plays a slower version of the same trick — as it corrodes away, it

leaves behind its graphite skeleton, and graphite sits at the very bottom of the series. Noble

to everything. Including the copper that used to be eating it. Positions on the page are a

prediction. A potential measured in the ground is a fact. When they disagree — the ground

wins.

Let's bring it home. Every metal carries a fingerprint voltage, and the galvanic series is

those fingerprints, sorted. One rule reads the whole page — couple any two metals in one

electrolyte, and the higher one, the more active one, takes the anode job. Magnesium and

zinc above steel — that's why sacrificial anodes work. Copper below steel — that's why

your pipe pays copper's bills. Steel four times on its own list — new and old, concrete, mill

scale. The gap is the drive — ΔE, cathode minus anode — direction and push, never rate.

The area effect is the multiplier — the cathode sets the current, the anode pays it, and

small-anode-large-cathode is the geometry that does the damage. Mixed metals make the

meter lie in both directions — falsely bleak against −850 mV, falsely safe on the 100 mV

shift — and the honest answers come from coupons, raised targets used with eyes open,

and grounding chosen off the right side of the page before the first shovel turns.

Looking ahead. You can now call the anode in any couple and size the drive. EC-012 takes

the current those couples push and turns it into pounds of metal per year — Faraday's Law,

the arithmetic that turns "the anode corrodes" into "that anode lasts eleven more years."

EC-013 covers the reference electrodes every number in this module leaned on. And

EC-014 closes the set with polarization — what potentials actually do while current flows.

The certificate for this set covers all seven modules, EC-008 through EC-014.

The quiz for this module is 10 questions, 80% to pass — and after today, you've got every

one of them. Read the ladder. Call the anode. Thanks for spending the time. This is Mike

Roberts, for Roberts Corrosion Services.
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