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Cathodes, Electrolytes

EC-009 - Electrochemistry & the Galvanic Series - External Corrosion track

Narrated by Mike Roberts - Roberts Corrosion Services

Welcome to EC-009 from Roberts Corrosion Services. I'm Mike Roberts. This is
module two of seven in the Electrochemistry and the Galvanic Series set, over in the
External Corrosion track. The last module laid down the chemistry — atoms, ions,
bonds, and that one reaction every tech should know on sight. This one builds the
machine those pieces fit into. The corrosion cell. Over the next twenty minutes or so,
whether you're in the truck on the way to a site or sitting at the kitchen table with a
cup of coffee, we're going to put together the circuit that drives corrosion on every
buried structure you'll ever work on — and once you can see it, the whole job starts
to make more sense.

Let me start you where the question usually starts. At the bottom of a bell hole.

An excavator has a length of old, bare steel line uncovered. You climb down for a
look before the dig crew sets up. Two joints of the same pipe — same vintage, same
steel, pulled out of the same trench — and they don't look anything alike. One
stretch is clean gray metal, barely touched after decades in the ground. A few feet
down the line, the surface is rough — crusted and flaking with rust, broken up by a
cluster of pits, one of them deep enough to put on the report. Same pipe. Same soil,
near enough. So why is one spot quietly eating itself, and the other one fine?

That question — why here and not there — is the question a corrosion tech answers
for a living. And the answer is almost always the same. The bad spot and the good
spot are wired together into a circuit. Metal is leaving one and not the other because
the two ends of that circuit are doing two different jobs. That circuit has a name. It's
a corrosion cell. It's the smallest complete unit where corrosion happens, and it's
what this module is about.

The audience here is working CP techs. The goal isn't to turn you into a chemist. We
read the ground, recognize what we're looking at on a dig or a survey, and make
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practical calls. So that's the level we work at — enough of the electrochemistry to
read the field, not a word more than you need.

Start with the parts. A corrosion cell is built from exactly four things, and every one
of them has to be present and connected. Take any single one away, and the cell
stops. The corrosion quits. That's not a slogan — it's the single most useful
diagnostic idea you own, and we'll come back to it.

Here are the four. First, the anode. That's the spot where metal corrodes. Iron atoms
there give up electrons and leave the surface as ions. The anode is where the metal
goes. On that bell-hole pipe, the anode is the pitted, rusted stretch.

Second, the cathode. That's the spot where the matching reaction runs and the
leftover electrons get used up. No metal leaves the cathode. It's effectively
protected. On the bell-hole pipe, the clean gray stretch is the cathode.

Third, the electrolyte. That's the wet, ion-filled medium the two electrodes both sit
in. For a buried line, that's the moist soil. For a tank bottom, it's the water and
sludge. For rebar, it's the pore fluid inside the concrete. The electrolyte is how
charge moves outside the metal — ions drifting through it.

And fourth, the metallic path. That's the metal connection between anode and
cathode — the electron path. On a pipeline, this is almost always the pipe itself. One
continuous piece of steel, carrying electrons from the anode end to the cathode end.

Notice the split, because it matters. Electrons travel through the metal — through
the metallic path. lons travel through the electrolyte. The two halves meet at the
anode and the cathode, where the chemistry hands charge off from one form to the
other. That hand-off is the whole engine. Electrons can't swim through soil, and ions
can't flow through solid steel. Each takes its own path.

Anode, cathode, electrolyte, metallic path. Remember those four. Every coating,
every isolation joint, every cathodic-protection system you'll ever install works by
interfering with one of them.

Now, where does the metal actually go? Here's the rule that matters most. The
metal always leaves from the anode. Always. The cathode loses nothing. If you
remember one sentence from this whole module, make it that one — because it tells
you which end of the cell you want your pipeline to be on.
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At the anode, the iron dissolution reaction runs. In plain English — Fe - Fe?* + 2e-.
An iron atom at the surface gives up two electrons, becomes a positively charged
ion, and floats off into the electrolyte. Those two electrons stay behind in the steel.

They don't pile up. They travel through the metallic path — the pipe — to the
cathode, where they get consumed by a second reaction. And which reaction runs at
the cathode depends on the environment. There are two you need to know.

In most buried and submerged work — soil and water that's near neutral and has
some oxygen in it — the cathode runs oxygen reduction. In plain English — O2 +
2H20 + 4e- —» 40H-. That's the common one, for most pipelines in most soils.

In acidic conditions, or where the oxygen has been used up and can't get back in —
deep in a pit, under a deposit, inside a tight crevice — the cathode runs hydrogen
evolution instead. 2H* + 2e~ — H2. That's the one to expect in low-pH or sealed-off
spots.

Which one runs where? Let me give you three digs to make it concrete. First — a
well-drained, sandy soil, near neutral, with plenty of oxygen down at the pipe.
Oxygen's available and it's not acidic, so the cathode runs oxygen reduction — the
everyday case for most buried line. On the protected areas, you'll often find a chalky
calcium-and-magnesium scale. Second — an acidic stretch, say a mine-impacted soil
down around pH 3.5. Now there's hydrogen ion everywhere, so the cathode runs
hydrogen evolution, and it runs hard. You might even see fine gas bubbling at the
cathodic spots, and the attack is fast. That's aggressive ground. Third — a
waterlogged clay, near neutral, but sealed off and starved of oxygen, sitting under a
deposit or a disbonded patch of coating. Oxygen can't get in to run oxygen
reduction, so the cathode falls back on hydrogen evolution, and the damage hides
down in those sealed, wet pockets. And notice — that oxygen-starved spot is exactly
the kind of place that turns anodic in a differential-aeration cell, which we'll get to in
a minute. So the two questions to ask at any site are simple. Is there oxygen at the
metal? And is it acidic? Those two answers tell you which reaction is running at the
cathode.

So that's the full circuit. Iron dissolves at the anode and releases electrons. The
electrons run through the steel to the cathode. At the cathode they're consumed —
by oxygen, or by hydrogen ions, depending on the environment. And to keep the
whole thing balanced, ions drift through the electrolyte between the two ends. Four
parts, two reactions, one continuous loop of current.
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And here's why we say the cathode is protected. At the cathode, the reaction
consumes electrons, and in the common case it makes the surface more alkaline —
conditions that don't dissolve iron. The metal there is on the receiving end of the
deal, not the giving end. That single fact — flood a surface with enough electrons
and it stops corroding — is the entire idea behind cathodic protection. Hold that
thought. The back half of your training is built on it.

If that four-part picture feels familiar, it should. It's a battery. A flashlight battery has
the same parts. A more-active metal that gives up electrons — the anode. A
different material that takes them — the cathode. A paste or fluid that carries ions
between them — the electrolyte. And a wire that carries the electrons — the metallic
path. Close the circuit, and current flows. That's a battery doing its job.

A corrosion cell is the same machine — with one difference. In a flashlight, the
current does useful work, and you're glad it flows. In corrosion, the current is the
problem. Every bit of it that flows is metal leaving your pipeline. Same voltage, same
current, same four parts — but this is a battery you didn't ask for, slowly running
itself down by dissolving your structure. That's the picture to carry: corrosion is a
battery you didn't want.

The reason it runs at all is that the anode and the cathode sit at slightly different
electrical potentials — different voltages — for the same reason the two terminals of
a battery sit at different voltages. That difference is the push. So where does that
difference come from, on a single buried pipe with no second metal in sight? That's
the next piece.

A corrosion cell doesn't need two different metals. It just needs two spots that end
up at different potentials. And on a real pipeline, there are countless ways for that to
happen — at every size scale you can imagine.

Look closely enough at a steel surface, and it isn't uniform. There are grain
boundaries, weld zones, mill scale left over from the rolling mill, little inclusions and
impurities. Each of those can sit at a slightly different potential than the metal right
next to it. The result is a carpet of microscopic anodes and cathodes, spread across
the same surface, all running tiny corrosion cells. That's the kind of cell behind
general, even-looking surface rust.

Scale up, and the same thing happens between whole regions of a structure. And
here's one worth slowing down on, because you've probably seen it and maybe
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didn't have the name for it. A piece of bright, new steel tied into an old, rusted line
becomes the anode — and corrodes early.

Picture a thirty-year-old gathering line that develops a leak at one joint. The crew
digs it up, cuts out the corroded section, and welds in a fresh pup — a short joint of
bright new steel. They wrap the weld, backfill, and move on. No cathodic protection
on this line. Eighteen months later, that same spot is leaking again — the new steel
this time, not the old pipe around it. And somebody says, "they don't make steel like
they used to."

But that's the wrong read. The new steel isn't inferior. Bright, freshly-ground steel is
more active than old steel that's spent decades building up mill scale and rust — so
in the cell those two pieces of pipe formed, the new joint became the anode and the
old line became the cathode. Small fresh anode, big old cathode, no protection —
the corrosion funneled right onto the new joint. The steel didn't fail because of what
it was made of. It failed because of where it sat in the cell. Drop bare, bright steel
into an old line and don't break the cell, and you'll be back digging up the same
joint.

That same physics stretches all the way out to the scale of the line itself. A pipe that
runs out of a sandy, well-drained ridge down into a wet clay bottom forms a cell
between the two soils — pipe in one soil acting as the anode, pipe in the other as
the cathode, with current running between them through the ground.

And it isn't just buried pipe. You'll meet the same cell anywhere steel sits in an
electrolyte. On an offshore platform, the steel up in the aerated splash zone acts as
the cathode, while the submerged, oxygen-poorer steel below goes anodic. In
reinforced concrete, the rebar sits protected in the high-pH concrete — until chloride
works its way in, turns a patch of it anodic, and the rust that forms cracks the
concrete from the inside out. Different structures, same four-part cell.

And that points at the single most common cause of these cells underground. It's
worth knowing by name — differential aeration. A difference in how much oxygen
reaches the metal. It runs against most people's intuition, so hear it twice. The metal
with less oxygen becomes the anode, and corrodes. Where oxygen is plentiful, that
surface easily runs the oxygen-reduction reaction and holds the cathodic, protected
role. Where oxygen is scarce — under a paved road, under a deposit, deep in wet
clay, at the bottom of a trench — that surface can't run the cathodic reaction as
easily, so it takes the anodic role and gives up metal.
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Which takes us back to the bell hole. Two joints, same steel, one pitted and one
clean. The pitted joint most likely sat where oxygen was scarcer — tighter, wetter
soil, maybe under a deposit — and went anodic to the better-aerated joint nearby.
The clean joint wasn't lucky. It was the cathode. It was being protected, at the pitted
joint's expense.

Here's a piece that surprises people, and it's one of the most practical ideas in the
whole module. The amount of corrosion that has to happen is set by the cathode —
the bigger the cathode, the more total current the cell can drive. But all of that
corrosion has to come off the anode. So when the anode is small and the cathode is
large, the metal loss gets concentrated into that small spot. Fast, and deep.

Think about what that means for a coated pipeline. The coating's doing its job
almost everywhere. The few bare spots that are left — the coating holidays — are
tiny by comparison. So all the cathodic demand from a huge, well-coated surface
concentrates onto a handful of small holidays. Put a real number on it. Take a one-
mile run of 8-inch coated pipe — that's roughly 12,000 square feet of steel surface.
Say the coating's 99.9% intact. That leaves about 0.1% bare — call it 12 square feet
of exposed metal, scattered down the line in little holidays. 12 square feet of anode,
facing roughly 12,000 square feet of cathode. That's about 1,000-to-1. And all the
corrosion current that whole 12,000-square-foot cathode can drive is forced to come
off that 12 square feet of bare steel. A small defect on a well-coated line can corrode
faster and deeper than the same bare metal would on a totally uncoated pipe —
because on the bare pipe the loss spreads out, and on the coated pipe it's funneled
to a pinpoint. The field lesson: a small coating defect matters far more than its size
suggests. Don't wave off a little holiday because it's small. Small is exactly the
problem.

Of the four parts of the cell, the electrolyte is the one whose quality changes the
most from site to site — and the property that captures it is resistivity. Resistivity
measures how hard it is for current to move through the soil. Low resistivity means
ions move easily, which means the cell can drive more current, which means faster
metal loss. High resistivity means the opposite — the ground fights the current, and
corrosion runs slower. Low resistivity is the dangerous end.

As a rough field guideline, for sizing up a number on a report: below about 1,000
Q-cm is severely corrosive ground. 1,000 to 3,000 Q:cm is quite corrosive — the
range a lot of working soils land in. 3,000 to 10,000 Q-cm is moderate. And above
10,000 Q:cm is mild — dry, sandy, high-resistance ground, where corrosion is slow.
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Treat those as a quick field read, not a precise standard. There are more detailed
corrosivity tables, and resistivity is only one factor among several. But for sizing up a
single number on sight, those four bands do the job.

Now, one thing here trips up a lot of techs, so let me head it off. You'll also meet soil
resistivity from the other direction — when you're scouting a spot for a cathodic-
protection groundbed. And there, low resistivity is welcome, because it lets a CP
system push its protective current through the soil more easily, on less voltage. That
can feel backward against what | just said. So hold both this way. Resistivity just
measures how easily current moves through the ground. For a bare, unprotected
pipe, easy current flow means faster corrosion — low resistivity is the dangerous
end. For a CP system you're trying to run, easy current flow is exactly what you
want. Same soil number. What changes is whose current we're talking about.

Put all of it together, and you can read a structure. Anodic spots — where metal is
leaving — show the damage. Pitting, localized thinning, crusty mounds of rust.
Cathodic spots show little metal loss. In a lot of soils they pick up a chalky scale of
calcium and magnesium, and the metal underneath comes out comparatively clean.
Learning to look at a dig and call the anodic and cathodic areas is a core field skill —
and it's nothing more than the four-part cell, read backward from the evidence. So
when you drop into a bell hole, you're not just looking at damage. You're reading a
circuit. The pitted, rusted stretch is telling you it's the anode — the spot that's been
giving up metal. The clean, lightly-scaled stretch a few feet away is telling you it's
the cathode — the spot that's been protected. Same pipe, two jobs.

And you don't always have to dig. A pipe-to-soil potential survey measures the
structure's voltage against the surrounding earth, point by point along the line, and
the pattern reveals where the cells are — the more-active, more-negative spots
reading out as the anodes. How those surveys are run and read is a later module.
For now, just know that the corrosion cell isn't some invisible abstraction. It's
measurable. And finding the cells before they find a leak is a big part of the job.

So let's bring it home. A corrosion cell has four parts — anode, cathode, electrolyte,
metallic path — and taking any one away stops it. The metal always leaves from the
anode; the cathode is protected. Electrons move through the metal, ions through the
electrolyte, and the reactions trade them at the two ends — iron dissolving at the
anode, oxygen reduction or hydrogen evolution at the cathode depending on the
environment. It's a battery you didn't want. It forms at every scale, from single
grains of steel to whole stretches of line in different soils, and differential aeration —
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the low-oxygen spot going anodic — is the most common natural driver. A small
anode against a large cathode concentrates the damage. And soil resistivity is the
electrolyte property to read.

And here's the punch line, the reason this module sits where it does. Everything in
the protection half of your training — coatings, isolation, sacrificial anodes,
impressed-current systems — is a way of breaking the corrosion cell. Coatings shrink
the exposed metal. Isolation joints cut the metallic path. Cathodic protection floods
the structure with electrons from an outside source, so the whole thing acts as a
cathode, and the corrosion happens somewhere you chose instead of on your pipe.
Cathodic protection is the corrosion cell, turned against itself. You can't understand
the cure until you understand this cell — which is exactly why we built it first.

Looking ahead. EC-010 takes the two reactions we named and looks at them as a
matched pair — oxidation and reduction, always running together. EC-011 ranks
which metals go anodic to which, on the galvanic series. EC-012 gets into how fast
metal actually leaves for a given current. EC-013 covers the reference electrodes
that measure the cell's potentials. And EC-014 closes the set with polarization —
how the cell shifts under load. Each one is a closer look at a part of the machine you
just built. The certificate that closes this set covers all seven modules, EC-008
through EC-014.

For now, head to the quiz at the end of this module — ten questions, 80% to pass.
Then EC-010 is next. Thanks for spending the time. This is Mike Roberts, for Roberts
Corrosion Services.

This transcript accompanies the EC-009 audio narration. © Roberts Corrosion Services. For RCS training use.
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