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MATHEMATICAL
ANALYSIS

fects the ground speed of the cyclist, and of
how the cyclist will perceive the wind speed
and direction from his movilg vantåge poht.

We will assume in this article that the ter-
rah is flat, the cyclist's power output is corl-
stant, and that all the cyclist's power is ex-
pended to overcome air drag, This constalt
power assumption introduces a unique feed-
back loop that affects the cyctst's 6nal speed
into the wind: a change in the wind speed
and/or direction results ir a change in the
bike speed which, in turn, results in a change
in the apparent wind, the actual input.r

The Effect of Wnds
on a Bicvclist's

Speåd

0sman Isvan

A cyclist's sense of wind cal be very dif-
ferent from the actual wind conditiorc. The
perceived or apparent wind is a combination
of tlle relative air veloci§ felt by the moving
cyclist and the additionål air movement-the
wind-that is sensed even when standing
still. Air drag is determined by this combined
wird.

The combination plays tricks wit} yout
perception, so that the true effect of wind-
especially wind from the rear quarter direc-
tion-can come as a surprise. This article is
a mathematical exploration of how wind af-

Flgurc 1: The voloclly v8clor ldanglo.

Head Wind

Let's consider a specifrc case of a cyclist
that generates a po\ye! P, and rides at a
speed c, in still air. When riding into a

1Ti/e mlling /csittance a d mechaticø! lossas a/e
assurr.ed small and øe not ;tt&iad in thi, d.irc,ae-
sior.. This assurnøtion lesse , the a$ /ac! of thb
disct*sion øl hu powei ouwh. Eoueael, as lou'll
see, final Uke sPaiis,tornrali?tl uith nslect t4 a-
oi n bihe Wed, so onll the clønge uith sleed of
these tuo druA factøls is ;gna/ed d Wsr fut w ou!"
l k. Therefole, theresults ofthb ditc ssbnbeconr.
moft acdtmte as toøer outtut incfeoses.
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o Have you ever ridden your
bicycle on a windy day and sworn
that no matter what direction you

head, you're fighting a head wind?
Your perceptions are correct, says

Osman Isvan. In fact, you'll learn
that even tailwinds become
headwinds in Isvan's mathematical
presentation of "The Effect of
Winds 0n a Bicyclist's Speed."

MATERIALS O
o Imron@ paint has eæned a

reputation in the bicyding world as a

tough, durable paint that offers good

conosion protection. What makes
Imron@ such a good paint and how
does it protect your steel tame? In
the first of a two-part article,
"Painting with Imron@," frame
painter Iæs Lunas discusses the
chemistry of conosion and how
paints are formulated to combat it.

MAfEilALS 10
o Mario Emiliani concludes his

series, "Can Surface Finish Affect
the Strength of Your Frame?" with
a comprehensive discussion of
ckome plating. Chrome plating
looks good and wears well, but
trouble may lurk beneath its hard
surface. Chrome causes no
problems, but the application
process can.



headwind that has a ground speed u, tlds cy-
clist will actually ride at a grould speed
,, (r,, < c). Thus, the apparent whd speed will
be ø * u. The problem presented in this ar-
ticle is to fnd the cyclist's speed 4 as a furu-
tion of the wind speed ,.

Air-drag power for a cyclist is the product
of the drag force artd the cyclist's speed.
Since drag force is proportional to tle square
of the apparent wind speed, the air power
against the wind is proportional to the prod-
uct of the apparent whd speed squared and
the cyclist's 8lound speed. For constant
power output tlis relationship is expressed
a§:

u(u*v)2:63
(see appendix for derivation). (1)

The unknown ø is a real positive root of
equation 1. In pollnomial form, equation 1 is

u" + 2',u' + v2u - c3 = o. (D

Before elaborating on the roots of this
equation, which is for headwinds only, let's
further generalize the problem by introduc-
irlg another parameter, the wind angle a. If
the wind has all angle o with respect to the
direction of the cyclist's travel, as shown in

2Fo, qualion 3, I'm øssurning hat u elftnioe
funt4l arca and th, fuag coelfuient cht tg. with
wind arrgla;n s ch ø aaj that thzir tmd&.d b a con-
sta t. Fol a støle øs ifiagular æ a terson on d
bicfcb, thb assurrgtion is drtdtable,
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Figum 2: Biko sp00d at dllhrcnl wind condltlons. ElIe spcGds and wind spæds ars nor.
malizod by dividing lhBm by ths "bass ca6o" ro.wind tlkc spood, c.

Figure l, then the moving cyclist seDses an
appare[t wind speed ø, and an appiuent
wind anele 0.'z

With these geneulized parameters, an ex-
pression for drag force will be proportional
to:

w2 cos P. (3)

By replacing the drag force expression
(u * v)z in equation I with 3, the constant air
power equation becomes:

u(# cos 8) = c3. (4)

From Figure 1 we see that,

# : (u + v cos a)' * (v sin c)'?, (5)

(by tlle hrthagorean theolem)

and,

only. Substituting equations 5 and 6 into 4
and simplifying, we obtain the expression:

u(u*vcosa)
l-------------- ----: 

- t- \tt
V 1u + v cos o)' + (v sin o)'z

When both sides are squared and the algebra
is carried out, equation 7 becomes:

(8)

u6 + &u5 +.\u{ + A"u3 * Aru2-c6 = o

where,

Az = v' cos2 ø

A. = 2d cos o (1 * cos'z c)

A. : v'z (1 + Scos' o)

As:4vcosd.

For different combirutions of wind speed
aad wind angle (u and c), the bike speed ø
for constant aelodynamic power can be
found as a real po§tive root of equatiol 8.3 I
did this, with the aid of a microcompute!, ard
graphed the results in Figure 2. The bike
speed r alld the wind speed , are non-

u+cosdcos0-
w

Note that both ø and p are related to ll and
cannot be expressed in terms of u and c
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Figure 3: Ai wind englos ar0und lm dsgtees. the wind can eithor roqulB oI provide

powsr dcpending on thc wind spsGdrbiks spood ]atio v/u. I[e wind ha§ no olhct on

any sp6od ratio lhal hlls on lha neulral wind cunre.

dimensionalized in Figlre 2 by dividing them
by the still-air bike speed, c. (For the rest oI
this article, wind speed and bike speed wil
be normalized against the "base case"
speed c.)

Note that the curve for o : l00o in FiSure
2 intersects the dashed lrlf u/c : I al t)/c =
0.75. This means that at this angle, a cyclist
rides faster with a mild wind (u < 0.75 c)

tlBn without one, yet a stronger wind ftom
the same angle forces the bike speed to drop
below the nøwind value. Another interpre-
tation is that for a given wind speed, riders
with higher power output (so that their base

speed c is more than 4/3 the wind speed a)

are helped by the wind while slower riders
are fghting agaiNt it. This situatior occurs
only at wind angles around 100o.

Figue 2 also shows that wind arules equal
to or less thar 90o always add air dtag, and

wind angles somewhat aboye 100' always

sDescalte\ Rtb ol Sigas shous that fol 0" < d
< 90", e$.ation 8 ha, onlt ot2 nal fusiliLe ,oot,
bttt that loi 90" < d < 180o, it has eithel th/ee

to§tiue loots or one. All results Yesenlzd here lafiect
th2 geatust of the thne rools. The other tuo roots

øacouri lor lhz conditbn thlrl trilh a lailwind, as

øell Lt riding dout hiu, a ridar cdn rida øt hro add.i-

thnal foruald q.zb bf atbltirre ioew in the re-

help the rider. But wind ftom angles in be-
tween can go either way. It seems strange
tlat wind from certain angles can sometimes
help and sometimes hitder progress, but the
mathematics, not common sense, bear this
Iact out.

Neutral Wind Angle

Let's de6ne a quantity caled the neutral
wind angle, c", which is a nind angle that has

no effect on bike speed. This angle is a ftmc-
tion of the wind speed/bike speed ratio u/2,
and satisfies the equation for drag force that
results in the bike speed r equal to the still-
air bike speed c (t4 = c)- The equation for
drag force felt by a moviru rider is:

F = kvf.

Since we are concelned with air &ag only ill
the direction of motion,

F'=FcosB=k#cosg.

The condition of the neutral wind angle is
satisied when,

F,=ku'z,withu=c.

So,

k#cosP=ku'z

or,

# cos P = u'z. (9)

Satisfying equation 9 in terms of the wind
values o and u is done by substitutiry,

#:u'+v'+2uvcoso
and

^ u+vcosd
w

derived tom the figure below.

Equation 9 lelds a maximum value fo! a.
of 7U.7" at o/u : 1.8. This means that
winds from angles greater than 104.7" al-
ways help the rider go faster. We've seen
that winds Aom argles less than 90" always
hinder. The effects of the intermediate a]I-
gles are graphed in Figure 3; they either re-
quire or provide power dependhg on which
side of the neutral wind curve the point
plots.

Note tllat this dependency involves not
only the wind speed but also the bike speed.
As in the case of wind tom an angle of 100
degees, fastet riders may benefit tom a
wind that slower riders have to fight against.
But with strong winds ftom the same direc-
tion, the opposite is possible.

Average Speed

So far, we've found results for rides takiry
place h straight lircs, but most roads aren't
straight. However, if a ride starts at a poht
A and ends at Point B, the aagle of the path
of the bicycle to the wind averages out to be
equa.l to the aflgle between the wind and the
straight line AB. This øct results in the av-
erage speed of the ide being faily clos€ to
the speed of ridirg on the straight line AB,
especially if most of the ride is in that general
direction.



If we extend this reasonhg to all out-and-
back route that is fairly direct and subject to
a steady, unshifting wind, then we can draw
some ilteresting conclusions about tlle aver-
age speed ø and about the effect of wird
angle on total trip time. ff the upwind leg of
the trip is ridden at speed r, and the down-
wind leg at speed ør, then the average speed
for the eltire route is computed from,

- 2u,u"

ur+u,
(see appendix for derivation),

Figure 4 shows the dependerce of ,l and 7
on the wind angle for the particular case of
the wind speed , equal to the still-air bike
speed c. Speeds for the out-and-back legs
are read as ladial distances tom the center
of the fuure to the intersection of the speed
curves. An example of upwind and downwind
speeds of a cyclist riding ftst into a wind 30'
to the side and then returnhg with a 30'
tailwind is shourn.

For higher wind speeds, the upwild/
downwind speed curve becomes increasingly
eccentric; but as tie wind speed approaches
zero, all speed curves converge to the circle
of radius one (sholvn as a dashed lirc), rvhich
is just tlle cyclist's speed in any direction un-
der no-wind conditions,

Note that the variation of the average
speed due to wind aryle (eccentlicity of the
average speed curve) is small compared to
its deviation tom c, mearing that the speed
of the wind is a more importalt factor on
round trip time than is its angle, This applies
to all wind speeds less than c. But as n'ind
speed increases past c, the wind angle be-
comes the dominant factor i[ average trip
sped.

Note also that for moderate tailwinds
(90'<d?102), the bike speed is less than
the still-air bike speed. (This hct is ir keep
ing with tle results of tle earlier discussion
on tie effects of wind tom angles around
r00".)

The average speed curve in Figue 4 has
maximum values at x'ind arules of 90o. It
hlrns out that t.his is characteristic of all ay-
erage speed curves for out-and-back routes
at all whd speeds. This leads to the conclu-
sion tltat for an out-and-back time trial, the
åstest times result when the wind is blorring
at an angle of 90" to the course. This result
holds reg?rdless of the wind speed or the
bike speed (see the accomparying sidebar,
"Citq ar Routes").

Tading

Figure ,t also demorctrates that a straight
line, bens the shortest distance betweeo
two pohts, is also the quickest way to cycle
(altho8h rot the hstest), even head-on into
the vind. The ircrease in speed achieved by
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Figur€ 4: E|IG spord and mund ldp avsrago sDced as a lunclion ol thE wlnd dlrccllon al
Gonshnl wind spo€d vrc = 1.0. Spoeds are m8æul?d as radial distances lmm origin lo
Dlottod curYos. 
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''tacking'' hto the wind (assuming the roads
allow tlis sort of maleuvering) is not enough
to make up for the extra distance tlaveled.

This lact can be observed tom Figure 4 as
follows: assume that the wind is blowing in
the -, directim 0.e vertically downward);
h tle worst case, the cyclist's destination
will be in the *y direction. Sirrce the radial
distance from the origin to the curve labeled
"upvind" represerts the bike speed in that
radial direaion, the peeendicu.lar distance
ftom the x-axis, being equal to rr cos cr, reF
resents the distance traveled per unit time in
the y direction.

The quickest route to a point stnight up
wind of the cyclist is, the4 to go where this
vertical is a mo.imum, tlereby maximizing
th€ uFpind component of his or her speed
and then turn toward the destinatio[ at tlle
haffway point. Figure 4 shows, however,

tlut tiis maximum upwhd compolent cotn-
cides with the radial minimum at zero de-
grees. This is the clse for a.ll wind speeds
checked. Note also how little trip time is lost
by 6rst visiting another place before cycling
toward tie destination, even up to 30"out
of the way.

Perceived Wind

1{ith an idea now of the effect of the wind
ør bike speed, it remains necessary to ex-
amine the direcdon and speed of the wind as
perceived by a der. Figure 5 shows the var-
iatiol of the apparent wind in response to the
real wind for four different power levels.
This fgure revea.ls why tlle bicyclist's per-
ception of winds leads to the belief that,

g
å
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"I'm always riding against tle wind." What
actually happens is that one natually tends
to inclease speed until the semation tlut one
is riding against the wind occus,

Note tlIat for a strong rider or a gentle
wind (o/c : 0.5), even side winds and
tailwinds appear as almost direct headwinds,
althouSh tailwinds do increase speed. For a
typical example of c = 12 mph and t) = 6
mph, Figue 5 shows that the apparent wind
angle never exceeds a shallow 28 degrees
and the apparent wind speed is no less than
10 mph even for a perfect tailwind. A 12 mph
wind coupled with the same lider efrort will
give wider apparent wind angles, but the
wind will still appear faster than 12 mph up to
a wind angle of 135o, or 75 percert of all
possible wind angles. Even as a tailwind, this
apparent wird hits the rider's åce with a !el-
ative speed of nhe mph.

Rules of Thumb

It seems, then, that when it comes to pre-
dicting the effects of wind on a cyclistrs
speed, common sense is sometimes fooled.
The facts emerge only with a careful mathe-
rnatical analysis and are best visualized 'r,ith
careful graphing as in Figure 5. But for ca-
sual reference, these "rules of thumb"
should keep your mind occupied the next
time you go for a ride on a windy day:
. The apparent wind is never from behind
nor everr close to the side; rather it usually
appeaE to come from a shallow angle toward
the face at hirly high speed.
. Tacking into tlre nind (even if the road§
allow) doesn't work with bicycles as it does
with sailboats. A straight line is alt?ys the

Flgurc 5: Rclallon bolwsen apparsnl wlnd
and aclual wind, or why every wlnd lcGls
like a headwlnd. Black (dislortsd) coordl.
nates indlcate truc magnilude and dltocllon
ol wlnd; gray coodinatæ show lho strcngth
and dirscti0n apDarcnt to tho ddGr ln lhe
middle ol ths liourc. The blæk paltcm was
genented lrum ths gray paltern iy dlsplsc-
ing eaci point by a dislanco cor6sp0ndin0
lo lhe tlcycls spscd which would rosult lol
that wind c0ndilion, assumlng lor each
GUws that 8 conshnt amounl ol P0w0r ls dF
yoted lo overcomino alr drao. As a Gsull,
bicyclo ground speed can De tlad on this

01aph as the dislance between a posltlon 0r
lho blac[ patlem and its co]ræponding p0si-

llon on the gray pallom.
All wind speeds (shown as radial dis-

hnces) aru giver in lcrms ol c, lho spscd
thai lhe bicycle world go ln no-wind condi-
tions.

quickest path to your destination, even in a

direct headwind,
. Cross winds from 90" will slo$, you down
unless you pedal harder.
. Winds between 90 and 105' may provide
or requfue extra power depending on your
bike speed. Winds between these a[gles
generally hinder weak riders and help strong
ones. Winds tom fi[ther behind help aI
riders.
. For an out-and-back time trial on a
straight couse, no wind is best, but cross
wilds are better than head- or tailwinds. The
more oblique the course is relative to the
wind, the shorter your total time will be.
. The total time to complete a circular loop
is independent of whd angle; it depends only
on wind speed (see the sidebar, "Circular
Routes").

Appondix

(P)ower = Drag force X Bfte Speed

For no-wind conditions,

Drag force = rlz p Co Ac2

(p = air density; CDA = effective

frontal area of bike/rider.
Let 1/z p CoA : k).

Bike speed = c.

For $,ind conditions,

Drag force = k(u * v)'z

and bike speed : u.

So, power consunrcd by air is:

P*.* : ks'z3 = kgr,



and

P",a: k(u * v)'u.

For constant power output,

P'* : P**-, so

k(u*v)fu=kc3,
or

(u*v)'u=c3.

Average speed - Tota.l distance

Tota.l time

_,
dd_r

ur uz

2u,u,

ur+u,

ud + u,d

Circular Routes

So frr 'i{e have seen how the wind affects
the ride speed on straight lines and out-and-
back routes. More complex routes can be
approximated as a combination of straight
lines, so that when the dmes for each leg of
tlle ride are calcu.lated separately and added
together, the total time and the average

fi0urs 1. Tho tolal limo l, and tho avorago
spGod n, lo complat0 a cl068d circular loop
al con8tanl !0w0r, plotlod againsl lho wind
sp6od v. Conslanb o and L ars lho no-wind
blls $pood and tho m-wlnd tobl llmo on lto
cinuit, rospoclivoly.
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speed of the total ride can be found. For a
given power, this is generally a function of
both viind speed and witd angle.

Rides that end ,Å'here they began (closed
loops) are of particu.lar interest to bicyclists.
The approximate loop of such routes is a
polygon. For equilateral polygorc, the de-
pendence of the total time on the wind angle
is a periodic functiol, oscillating between
minimum and maximum talues as the wind
becomes perpendicular to a side or bisects a

corner. For example, a 40-mile ride, 10
miles east, 10 miles south, 10 miles west,
and 10 miles north car be completed in mini-
mal times when the wind is tom the north,
east, south or west; conversely, the longest
times are required for wind directions out of
the northeast, northwest, southeast and
southwest. This meatls that for a square-
shaped route, as the whd is rotated 360 de-
Srees alound tJrc route, the ride time goes
through four maxirna afld four minima. This
is not a rtatter of coincidence but a diect
result of the slmmetry of the Eoblem.

Similar results are obtained for all equilat-
eral polygoN. As car be expected, the dif-
ference between the longest and shortest
times for given wind speed decreases as the
number of corners and sides of the polygon
is increased. A particularly interesting and
useirl consequence of t-his fact is tlut at tlrc
Iimit, when the route approaches a circle,
the total ride time becomes independert of
the whd angle. This is because, reSardless
of the wiod direction, an equal infnitesimal
distance is covered at all angles relative to
the wind. Therefore, for a closed circular
loop, the average speed ø for given po$,er
is a function of wind speed only (see Figue
1). The data points for Figure 1 are obtained
ftom a 16-sided equilateral polygon.

Unforhrnately, the procedure tom which
Figure 1 is deived does not produce an aru-
\tical function. But a visual inspection of the
gaph of ,/r, immediately swgests that a pa-
rabola may nicely 6t the curve. In fact, it
does. The equation,

t = 0.3 (+), - o.o5+)+1,
t. I

has less than one percent elror in the given
range. Although this is only a truncated
pon'er series lepresentation of t]rc actual
function and does not reveal the nature of
the physical relatiorc involved, it is never-
theless a Factical substitute.

For a less accurate, more practical rule of
thumb, if a neat-circular closed loop is in
question, ignore winds tiat are much slower
than your no-wind bike speed. Fo! wind
speeds close to it, add 25 percelt to your no-
wind time. Fo! stlorrge! winds, up to a factor
of 2.5, multiply the no.wind time with that
factor. For example, if a 100-mile long circle
is completed in 10 hous with no wind, a 10
mph wind will require 12.5. hous; a 20 mph
wind will require rougl y 20 hours, if the
same effort is maintained.

Osmat lsoøtt
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Conosion of Metals

Les Lunas

Les Lunos hnows ø greøt deøl obout Pøint-
ing biclcles; he N.sed to Pøi t frØnesets lor
Bruce Gordan. Lu.nas's blead and buttel uø§
DuPoht's lr ron@, a løinl that has goihzd ø
r€P laliolt arfioig framebuildzn atd their
custornels as a trrugh, chil-resistafit erønwl
that halds uP uell to the rigors of clcliag.

Whøt ,nahes this Pdifit so good.? Lutas uill
sharc his h ouledge about the qualities of this
uondel Pøifit, a.nd uill relate his *Peiences
ofl aplling ø d maintaining ø good !øint job.

But tøint d,oes fiole thafi ,nahe a flafieset
looh good; it also prolides ø barfier betu)eer
tha metal and ,noisture that uouw corrodz it
auøy. In this first installrnent of a tuo-lart
seies, Luøs erilores hou and uhy metøls
coffode, akd hou laibt ørld other coatbtgs
uolh ta h.e, co/rosiofl nlzr control. This re-
aieu of corrosion chemistry uill lry the
goundworh fot Pan IL uhi.h øi exllain
how lo aaoid eotosion with the .oraect mqtei-
øk (!ørticubrll DuPont Imroib) and laid-
ing lechøiqae.

Nahre of Conosion

Some metals are found in nature in metallic
form. These metals, including gold, silver,
and platinum, are called noble metals; they
are mircd and put to use lvith very little re-
fning and remain relatively unaffected by
their environment. But other metals, Iike
copper, aluminum, zinc, iron, and tin exist in
nature bound to another nonmeta.llic element
h a chemical compound. Much energy and
expense are required to ertract these metals
ftom their natural compourds and refine
them into useful materials.

Corrosion is a chemical reaction in which
refiled metals revert to a more stable state.
Such metals coEode when attacked by some
element in their environment that unites
with these metals to form stable compounds,
and in the process, leleases the energy
gained during the refning process.

All metals nolmally used to make a
bicycle-steel, a.luminum, and titanium-*dl
corrode in the normal enyironment. For this



reason, much research has been done to de-
velop paints and other protective coatings to
seal these metals ftom the corrosive envi-
ronment.

A protective coathg is effective if it blocks
or controls the chemistry of corrosion.
Three categories of coatings exist: painiing,
platiry with a noble or sacrifcial metal, and
anodizing. Anodizing is good plotection for
aluminum and titanium; steel can be plated
with a [onreactive metal like chrome or
nickel. But for a number of reasons, most
steel bicycle frames are painted. Paint pro-
vides good cofiosion protection, is inexpen-
sive to buy and apply, and comes in a mlriad
of good-looking colors.

Elec[æhemisIy

The coEosion of metals b ai electrochtmi-
cr, reaction, which is a chemical interaction
between two substances that occurs during
an exchange of electons, Electron exchange
occurs because one substance has many fee
electrorls that are v/eakly boufld to the
atomic nuclei; the other substance has a
great affuiity for tlrcse electrons, This reac-
tion occurs in an electrochemical cøll, which
is an electrical circuit with a positive and a
negative electrode that are electrically con-
nected and immersed in a conductilg me-
dium cdled electnUe,

The rcgative electrode, or ørod?, is tlle
site in the cell in which one substance, usu-
ally a metal, is attacked by some elemert(s)
in the electrolyte. The anode dissolves into
the electolyte and ionizes by losing one or
more electrons; these electrons flow
tfuough the electrical connection to the posi-

tiye electrode or cathade, because they are
attracted by the second substance, usually
another metal or a gas. The dissolved posi
tive ions in the electrolyte then miSrate to
the cathode because they are attracted to
the negatively charged electrons (opposite
charges attract). Once at the cathode, these
ions n ill either combine with the second sub-
stance or else attach themselves to tlrc catl-
ode's surface (see Figure 1).

This electrochemical reaction occurs spon-
taleously when all the components of the
cell are assembled because the affnity for
electrons at the cathode is strong. The
strength of attraction is measured as a cell
voltage; the higher the voltage, the quicker
the reaction occurs. The reaction will con-
tinue until either the anode dissolves com-
pletely or changes in the electollte increase
its internal resistance, and ions no longer
form and miSrate to the cathode. Once ion-
izatron ceases, electron flow stops and tie
cell is "dead."

Chemists call this electrochemical reaction
a redox (reduction-oxidation) reaction. When
tlrc anode dissolves and loses electrons, it is
considered oxidized; the substance that
gains the electrons at the cathode is said to
be reduced.
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Figure 1: Walel dr0p 0n stoel depicling c0r0si0n ccll. Eleckons and p06ilive ircn ions

llow oul ol thc anode. Ths slcctoos migmtE to calhodo and leduce oxygen and hydmgen;

iron ions combinc with oxygon in solulion and lom rust.
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Making Oxides

Most metals will corode under normal at-
mospheric conditions-the presence of mois-
ture and oxygefl is all that's required. Al-
though water is blamed for corrosion, it is
actually the dissolved orygen and hydrogen
ions (from acids) in the water tiat are re-
sponsible, Without these t,ro dissolved
gases in the water, the corrosion reaction
proceeds very slowly or not at a.ll because
metal atoms will not be ionized.

The rate of the cofiosion reaction depends
on the e[vironment of tlte meta.l. A high con-
centration of acid in the water speeds the
dissolution of metal ions; salt in the water
lowers the electdcal resistance of the elec-
troll'te and allows tie metal ions to migrate
more quickly to the cathodic areas, so rust
forms more quickly. High temperatures also
speed the electrochemical reaction.

The end Eoducts of metal corrosion are
oxides, For insta$ce, iron and oxygen react
to form iron oxide, comnonly called rust. Al-
though the corrosion processes of metals are
similar, the extent of collosioll among
metals differs. Nickel corrodes only slighdy,
and its oxide appears only as a tarnish. On
the otler hand, rust is very noticeable and
steel will cortinue to corrode until a.ll of it is
converted into rust. A.luminum and titanium
are actually more reachve to oxygen than
iron, yet their oxides are generally less visi-
ble and are usually less damaSing tha[ rust.
Some aluminum alloys wiU corrode to the
stage where they båcome susceptible to
low-level stress crackifl9. This phenomenon
is called stress-corrosion cracking.

The differences in how much metals will
corrode in the normal envLoEneot lie in how
the oxides of each metal bond to the parent
metal. Aluminum and titanium oxides bond
tightly; after a surface layer is built up, they
become barriers to further coEosion by

shielding the pared metal fiom oxygeo at-
tack. (This is why aluminum and titanium are
anodized. Anodizing corrodes these metals
in a controlled way, builditg up a thick, pro-
tective layer.)

On the other hand, iron oxide does not
bond tightly to Lon, so it flakes off easily,
exposing a tesh steel surface to renewed at-
tack. Also, as we'll see below, the oxidation
of iron is a two-stage process in which the
end product of corrosion is deposited away
from the area under attack. As long as steel
remains exposed to water, corrosion will
continue and, eventually, structural damage
will be done.

Since steel corrodes in the normal envi-
ronment more severely than other tame
building materials, and since all the ftames I
painted were made of steel, I will focus the
rest of tlis article on the corrosion and pro-
tection of steel.

Conosion of Steel

The corrosion of steel begins lvhen water
contacts the steel surhce (for a more com-
plete description of the corosion process,
see "The Chemishy of Steel Corosion"
sidebar). A corrosion cell is establish€d utr-
der the water drop with the anode of the cell
under the drop aJd the cathode out at the
edges. (The positioning of these electrodes
corresponds to the oxygen concentratiotrs
withh the s,ater drop: the area under tJ|e
drop is relatively oryge[-poor compared to
the oxygen-rich edges. Because a redox re-
action requires that oxygen \ reduced by
gainilg electrons, any flow of electrons fom
one area toward an area with oxygen defnes
the positioning of the anode and cathode.
Electons will flow away from an anode irto a
cathode.) The iron atoms under the drop be-
gin dissolving into the water with a simulta-
leous loss of two elecuons; the relinquished



electrons migrate to the cathodic edges,
{here they reduce oxygen into vadous other
molecules, mostly water (see Figure 1).

After the iron ions are in solution, a second
step bdngs tle corrosion process to comple-
tion: the iron is oxidized on.e more by giving
up another elechon: it's then attracted to
the negative cathode where it combines witl
the orygen molecules to form the stable
compound, iron oxide. These oxide mole-
cules accumulate on the steel su ace where
they build up into the scaly, rcddish material
called rust.

Controlling Ru$

The corrosion of steel is slowed or
stopped by coating it with some material
which htervenes with one of the steps of the
corosion process. Such a coating can limit
corrosion in one or more of these three
ways:

-Limit exposure of the steel to atmo-
sphere

-Control the oxidation reaction at the an-
ode

-Employ a reverse redox reaction

Nickel and chrome plating are relatively
non-reactive to moisture and provide good
protection for steel. Proper plating tech-
niques are important though; iJ these metals
are applied too thin (in the case of chrome,
less than one-half micron thick), they vril be
porous and vrill not prevent corrosiofl of the
steel beneath. (See Mario Emiliani's article
on chrome plating in this issue for more de-
tails about proper plating techniques.)

One drawback u'ith plaling, however. is
that any scratch through the plating down to
the steel can lead to serious corrosion prob-
lems. This is so because thele's an elec-
trode potential between the plating metal
and tlle steel; this potential accelerates elec-
tron flow out of the steel, aiding the the ion-
ization and dissolution of iron atoms. This
condition leads to a deep pit in the steel (see
Figure 2).

Paint is somewhat permeable to water and
oxygen, so it is important not to let water
stand for too long on a painted part. This is

not usually a problem on a bicycle with a
good paint job rhat is not left out in the rain,
but some areas a.re prone to rust even on a
well-maintained bike-those areas under
clamps and bands used to attach components
to the tame. Water will be drawn under
these parts by capillary action and, if not
evaporated, will eventually seep tlrough the
paint a[d rust the tube beneath.

(Some ftames that came into my shop for
rcpainting that had clamps for down tube
shifters and cable guides would show raised
paint beneath these clamps and bands of rust
on the tubes after I stripped the paint away.
For this reason, I recommend the liberal use
of frame braze-ons.)

waler drop

Figure 2: Piting corrosion. A scralch in the painl 0r metal plating lorms a small
c0r0si0n cell. The base of the pit is the anode; lhe edges, lhe calhode. Metal atoms
ionize al the anode and g0 int0 solution, causing pii to deepen. Prevenlion rcquires
sealing the scratch wiih touch-up painl or some other protective coaling.
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Figule 3: lnhihllive corosion protoction. Chrcmales in palnl bond with iron i0ns, lorming
an oxidation layer that insulatss the iron su ace lr0m orygen altack.

By adding anti-corrosive ingredients to
paint, it can be fortiied to fight rust. These
ingredients are effective by either controllilg
or reversing the redox reaction. Normally,
these ingredients are added to the primer or
undercoat; the top coat offerc or y a mea-
sure of water repellency and improved ap
pearimce.

Inhibitors

The ingredients which control the redox

reaction are called passivators or inhibitors.
We kno., that under normal corrosion coDdi-
tions, the oxides of steel are formed at a site
separate from where tle iron ions are dis-
solved. Inhibitors do their job by forcing the
corrosion reaction to begin and end at the
same locadon. ManipulaLing the reaction in
this way results in the iron oxide's bonding
securely to the iron surface; thus, in this
case, rust acts as a sealinS agent, similar to
the oxide protection on aluminum and tita-
nium. Once a thin oxide layer is formed on
the steel, the corrosion reaction ceases be-
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tigure 4: Sacriticial cormsion protection. A coaling like zinc is more reaclive than iron
l0 orygen, so i, co[odes ]ather than steel.

Figure 5: PhosDhatc Goaling limits electl0ns to attack 0ry96n, s0 c01r0si0n ptoceeds

slowly. Without phosphale protcction, corosion will lolm and undercut g00d painl,
causing blisteL

I

cause the layer electrically insulates the
metal.

Chief among the hhibitors are the chro-
mates, which are chromium compounds
added to primer paints. Chromates will dis-
solve as negative ions with any moisture that
passes through the top coat into the primer.
These ions drifi down to the metal and, be-
ins highly polar', wil a.lign and bond their

tPolol oleedes haoe lositil)eb ond negan"el!

negative ends with the positively charaed
iron ions. A reaction occurs that separates
the oxygen moiecules Irom the chromium;
tlese oxygen molecules then bond with the
iron molecuies, forming iron oxide. Also,
some of the ckomium bonds with orygen in
the water to form chromium oxides which
deposit on tle steel surface,

This on-site formatiol of rust and chro-
mium oxide forms an effectle barrier that
prevents continued iron oxidation (see Fig-
ure 3).

Chromate primers are especially protec-
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tive because they continue to work through-
out the life of the paint. Should the oxide
layer break, more chromates will filter
down, go through the above reaction, and
re-seal the oide layer. This sef-healing abil-
ity will continue until the chtomates are ex-
hausted. l-or this reason, it is important to
apply a thick primer coating.

(This inhibitive action is why stainless
steels don't visibly corrode. Stairless steel
contains 13 percent or more ckomium as an
alloy; in a process similar to the reaction
above, the chr.omium builds a protective ox-
ide layer on the surface.)

Sacrificial Protection

Anotler type of protective primer, zinc
powder in primer paint, works in the same
way as the zinc coating applied when galva-
nizing steel: more eleclrochemically reaclive
than iron, the zinc oxidizes rather than the
iron, heDce the "sacrifice." The zinc readily
oxidizes when permeated by watet provid-
ing the electrons to reduce the oxygen. The
zinc acts as the anode in the corrosion cell
and the steel becomes the cathode. The
elechochemical effect is to reverse the re-
dox reaction, because steel is a receiver of
electrcns rather than a donor (see Figure 4),
Since no iron atoms are ionized, no iron ions
will dissolve into the water.

This type of primer has to be painted di-
rectly onto the steel because a good electri-
cal connection is necessary to allow electron
flow between the zinc and the steel. Other-
wise, both metals will corrode.

Zinc pimers continue to offer a margin of
protection even when scmtched. If water
contacts the scratch, the zinc, rather than
the steel, will provide the materials for cor-
rosion. Zinc-primed steel will corrode, but at
a slower rate than dthout the zinc. Once ttle
zinc is exhausted, iron corrosion will com-
mence as usual.

Phosphating

An excellent non-paint coating tiat helps
protect steel is a phosphate coating. Phos-
phating is a ple-paiot treatment h which
clean, uncortoded steel is dipped or washed
in a solution of zinc, manganese, or iron
phosphate. The reaction between the acidic
phosphate solution aod the steel causes
phosphate crystals to grow on the surface.
These crystals bond tightly with the steel,
and as they are electrically nonconductive,
electrons will not be attracted out of the
steel,

Phosphate protection really helps when
there are breal(s in tle paint. because it lim-
its the availability of electrons to the attack-
ing oxygen. Without it, the coEosioo will
proceed under the paint. This effect is seen



on areas of the paht that have been chipped
or scratched. II the steel was not phosphate
treated, a blister of paint will form around
the scratch as the corrosion proceeds to eat
tlrc metal underneath the paint (see Figure
5).

Phosphating provides temporary protec-
tion between the time a frame is blazed aIId
cleaned and when it is painted. The phos-
phate crystals also provide a good surface
fo! paint to adhere to.

When painting steel for maximum corlo-
sion protection, it must fust be tholougbly
cleaned of all surfuce rust and grease. Next,
a phosphate coating is applied, followed by a
coat of primer paint. The top coat is the 6nal
moisture barrier aad, as we'll see in Part II
of this article, is also the pdmaly defense
against bangs and scrapes that could put
chips or scratches into this multi-layered
protection.
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the Chemisty of StælConosion

The corrosion cell modeled in the main ar-
tide is called a differential-aeration cell be-
cause there are different concentratioN of
dissolyed gas at the two electrodes. fiis rlif-
ference in oxygen corcentration provides the
impetus for electons to rDigrate from the
orygea-poor anode rmder the vater to the
orygen-rich cathode at tlle edges.

The rate of tlrc redox reaction is influ-
elced by the arrount of dissolved salts in the
water, its acidity, aod by other impurities in
tlre water. Dissolyed salts aid tlre movement
of ions by lowering the resistance of the
eleclrolyte; acid in the water contributes H+
ions which accelerate tlrc reduction leacåon
at the cathode.

Let's co$ider some simpliEed chemistry

of the corrosion process as two half-cell re-
actions:

The dissolution of iron in the water at
the anode is,

Fe-Fe'z*+2e-,

standard reduction potential, €' =
+ 0.41 volts.

The reduction of oxygel (and some
hytlrogen in an acidic solution), is either,
rl2o, + H,O + 2e + 2OH- Oasic
solution; pH> 7), €' = +0.41 volts
or,

rlzOz * 2H+ + 2e- - HrO (acidic

solution; pH<7), €" = +1.23 volts.
The firll-cell reactions ]vill be either,

Fe * HrO - Fe'?* + zoIJ- +,t2o,,
€o = +0.81 volts

or,

Fe + 2H+ + rt,Or- Fe'* +H"o,
€' = +1.64 volts.

Sirrce the reduction potentials are positive,
these reactions will occur spontaneously,
The higher potential in an acid solution
driyes the reåction more vigorously. But it is
importa[t to realøe that the potential values
are correct only for specifc concentrations'
of dissolved Sases irt the cells. At lesser coll-
centratiorc, for instance, the corrosion reac-
tion ''runs" at a slower mte because the cell
voltages are less. This means, then, tlat the
pH of the electrollte will have an effect on
the cell potential value.

Once il solution, the Fe'z+ ions will lose
another electron,

4Fe'z* + 4H* - 3Fe3+ * 2H,1, (acidic
solution)

4Fe'?+ + o, f 2H* - 4Fe'* + 2oH-,
Oasic solution) .

The corrosion reaction end-product, rust,
is formed by,

4Fe3* + 6Oa * xHrO - 2Fe,O3.xHp.

Other products form in lesser amounts,
primarily FeO, Fe3Oa, and FeO(OH).

The beginning and end goducts of this re-
action are identi6able, but there are many in-
termediate compounds that form temporar-
ily in t.lle solution as the cell "runs," that
have not yet been identifed.

Other than the iro[ oxides, water, and var-
ious hydroxyls, heat and an increase itr en-
hopy are by-products of corrosion, the inev-
itahle adjuncts of a system reverting to a
more stable state.

2T1tc* cottditio'';s an sptifid in art )nfu$brf
.,er,irlrt bd in o St4adad R.t .dion PoLnliak tdb.

MATERIALS

Can Surfæe Finish

Affect the Strensth

of Your Frame?

Part IIL Chrome

Plating

Mario Emrliani

There are lumerous ways to protect
steels ftom rusting. The easiest and most
videly used method is painting. Paint acts as
a barrier to oxygen and moistue, two of the
necessary ingredients for corrosion. But
paints can chip off easily, exposirg steel to
the atmosphele. Steel bicycle fames must
live h a tough environment; inept mechadcs
(and even good ones!) can ruin hundred.dol-
lar paint jobs with a slip of a tool, chaim inev-
itably slap chainstays when ridinS over
bumps, and dropouts can't retain paint.
There isn't much tiat can be done to pre-
vent marring the paintjob s'ith a tool, but the
latter two problems can be prevented by
coating these vulnerable areas of the fiame
with a harder and more chip-r€sistant sub-
starce, such as metal plating.

The application of a thin coat ol another
metal onto a steel ftame is accomplished by a
process called elect/olløting, Metals are
hard, and electroplated metals adhere
suongly to the base metal, since metal-to
metal bonds are Iormed. But tlte choice of
metals is important. For example, it
wouldn't make sense to plate dæpouts with
copper because it's too soft and vould
quickly wear off. In addition, copper tar-
nishes. Chromium, however, is. a much
harder metal and is tlrcrefore well suited for
wea! resistalce. Chrome plate also remains
bright and is easy to care for, Because of
these advantages, chrome plating can be
us€d as arl alternative to paint on some areas
of the frame.
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Flgul€ 1: Gircme platg !9!d! -h roprcducs ths srrhco toxturo 0l ths substrato. tu lrr8qulal
s[hsMe resulls in a dull looling plalo hccaus€ somo ol the ll0ht ]ays aron,l rolloclid
back lnto youl Gyss (Figurc 1a). Chrome plated onto a smoofi subitralc aDpeats
much brighlel (Figurc 1t).

Surfæe Preparation

Before a frame can be chrome plated, its
surface must be thorougtrly clearcd to pro-
vide a suitable substrate to which chromium
ions can easily attach themselves. Thus the
frame, or port-ions of the ftame to be plated,
must be free of rust, grease, and brazing flux
for maximum adhesion. If this isn't done, the
chrome plate will blister and/or peel off.

For cosmetic teasons, the surfaces to be
plated must also be relatively smooth.
Chrome tends to follow the contouls of the
suråce to which it's plated. Figure la shows
an irregular substrate that has been chrome
plated. Notice how the surhce of the plate
matches the contouls of the substrate. This
can be a problem because a rowh plated sur-
hce appears dr:ll since some of the light hit-
ting it isn't reoected.

But there is no need to have extremely
smooth substrates, because very small sur-
hce irregularities actually improve adhesion
by mechanically locking the metal plating
onto tie substrate and providing more sur-
face area. Certain chemicals addeil to the
plating bath can make the chrome plate
smootl' y ove! small surhce irregularities by
inhibiting plating on hiltops but allowing val-
Ieys to become flled. Bicycle tubes, if they
haven't been particle blasted, gouged with
fles, or roughened by wire bnrshing, are
normally quite smooth. So surhces to be
chome plated need or y be ftre sanded ard
lightly buffed h preparation for plating.

The ner.t step is to remove residual buffng
compounds and other oils and greases. This
is usua.lly done by placing the suhces to be

plated in ar agitated alkaline solution' which
is maintahed at about 60' C (1d0o F). The
frame is left in the tank for about tlEee min-
utes, then placed in an acid bath to remoye
oxides (tust, etc.). Twically, platers use di-
lute (- 10 pefcent) sulfuric or hydrochloric
acid at about 55' C (1300 F). The immersion
or tank time varies depending on the amount
of cleaning needed, but usually luns between
three to ten mhutes. This process is known
as øcid fuhliag, ard is widely used because
it is cheap and effective. Between the alka-
line and acid cleaning steps, there is usually a
series of nses to avoid contaminating the
solutions.

Once the surface has been cleaned of oils
alrd oxides, one or more metallic uldercoat-
ings can be appted before tlle chrome plat-
ing. Frames may be plated 6rst with copper
or nickel, or both, because these surhces
provide good adhesion and a smooth sub-
strate for the chromium atoms to plate to,
and they provide an extra measure of corro-
sion protection.

Electroplafu

To enhance our underst2ndi[g oI the elec-
tloplatinS process, nhich is electrochemical
in nature, let's take a quick look at the gen-
elal natue of the elecuochemical reaction.
An ordiury dry cell battery (e.g., a flash-
light battery) is a clas§c example of an elec-
trochemical cell, The cell corcists of an an-
ode, a cathode, an electrolyte, and an

lAlhalinat ar. tho chen;.tl otbsilas of a.rls,
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electrical cormection between the anode and
cathode. II atly one of these four ingredients
is missing, electrochemical reactions won't
occur.

The anode is simply the prortion of the
cell that dissolves (corrodes) under some
actiol of the electrobte. When this happens,
each metal atom loses a few elechons2 nrhich
are conducted to the cathode because the
arcde and cathode are h electdcal contact.
The result is a oow of electrons ftom tlrc an-
ode (or positive electrode) to tlle catiode (or
negative elecuode). A battery contiruously
produces a flow of electrons x,hen electdcal
contact is made between the anode and cath-
ode, When all of the anode has dissolved
away, the battery is dead. This illustrates
how electricity (or flow of electrons) is cre-
ated by chemical reactions,

As more and more elechons flow to the
cathode, a[ electrical charge imbalance de-
velops in the electochemical cell. That is,
tie cathode has an excess number of nega-
tively charged electrons, while the electro-
l,'te contains a large rumber of positively
charged ions. Since oppositely charged parti-
cles attact each other, iolls move toyrard
the cathode and attach themselves to it h
order to regail the electrons they lost at the
anode. Thus, ions from the anode plate onto
the surface of tlle cathode and reruin there
because they are now stable (i.e., they have
equal numbers of protons and electrons).

Figule 2a shows a closs-sectional view of
a &y cell battely. The cathode is the ca$on
core, the zinc case is the anode, ald the
electrollte is a moist chemicrl paste (usually

ammonium chloride). When contact is rnade
between the anode and cathode, tjre zinc

case begins to dissolve into zinc ions alrd two
electrons (Fig.2b). The electrons flow to
the cathode, lighting up the bulb along the
way. At the same rate the anode is dis-
solved, zinc ions plate onto the cathode (Frg-
ures 2c and 2d). This portion of the elect o-
chemica.l reaction is called electloplathg.

The leason why electrons must 0ow from
the anode to tlrc cathode is that the carbon
rod is more rcble, thtt is, it has a much
lower tendency to dissolve into carbon ions
compared to zhc. Stated another way, elec-
trons flow ftom the anode to the cathode as
water flows from high groud to low ground.
It's not possible for the opposite to hapæn
unless energy is added (i.e., water will go
uphill only when pumped).

Electroplating occrrs by the same princi-
ple as in the dry cell battery: metal ions form
at the alode afld migrate to the cathode
where they plate. However, steel has a

'Atofis ale fi4d4 ul ol tatticks cdkn neutron,
@ns a d .tatwns. Nailo,^s halp ,ø alafuieal
crørgt, bul lfilans hate o. fusbtue charg. a n da-
tro^, hole a nqdit charp. Stabl2 olons hara
equal filfibar§ ol flotons and aLrtrofis b n oinbin
eLabieal n ut dlib. Io t an abfis tlral hata ei$tal
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greater tendency to dissolve (i.e., it's more
arcdic) than many of the meta.ls that a.re

corninor y plated on it. For example, imagine
we wanted to plate copper onto steel. If
steel were the anode and copper the cath-
ode, as in Figure 2a, steel (actually iron)
would plate onto copper. But this is the re-
verse of what we want! To remedy this, cop-
per is made the anode and the steel tame is
made the catiode. This is done by reversing
ttre direction of electron flow with the help of
aJl external source of electdcity. In other
words, tle steel foame is made more noble
relative to the copper by adding energy to
the electrochemical cell. This is what hap-
pens in principle.

In practice, anodes are sometimes used
which don't dissolve to supply the cathode
with meta.l ions. Instead, the metal to be
plated on is contained in the liquid electrollte
in small concentrations, Tlle anode, which
carl be a completely dissimilar metal (for ex-
ample, lead), simply provides a surface
whose energy is high enough to transform
metal atoms in solution into metal ions (a
process known as ionizatiod. These ions
then plate onto the steel cåthode. The elec-
trol]'te must be leplenished periodically with
metal atoms. This is the case in copper,
nickel, and chrorne electroplatirry.

Copper Plate

Standard copper electroplating solutions
tend to deposit copper at such a rapid rate
that the plate is rough aad likely to crack and
peel. To obtain a smooth coating. copper is
electroplated in two steps: flst, a copper
strike is applied; then an acid copper plate.
The copper strike bath consists of a low con-
centration of copper ions in a cyalide-based
electrolyte. This, coupled witl low curent
demities3 and short plating times, produces
a controlled rate of metal deposition. The re-
sulting plate of copper is about 6ye microns
thick and adheres well to steel, Now a
tiicker layer of copper can be plated oo witå-
out cractiog.

Acid copper plating baths consist of a coF
per sulfate electrolyte which contains a
higher concentration of copper atoms than
copper strike baths, Higher c:l.rrent densi-
ties and longer plating times produce a cop.
per plate about four times thicker than the
copper strike. AJter these steps, nickel or
chromium can be plated on.

NickelPlate

Nickel easily plates onto bare steel or
copper-plated steel in a single step using a
nickel sulphate solution. The current density
is about the same as that used io acid copper

sCLrDtt d.nsil, is ha aiøunl ol abdricitt tcr
øtil øøIlord on ha catM. b. t,,rl- d god tt+
osilion ol 

"talal 
ior§,

2d

Figurc 2: A simplc dry cell ballory. Electlons arc rcplosrnlcd by 6 and zlnc lon3 by Zn'..
whon elecl cal conlacl is made bohre0n th6 anode and caihods, sach zinc alom dissohas
lnlo a zlnc lon and two oloclrons (Figuro 2b). The eleclrcns llow lmm lha an0de lo ths
calhode and atlrdcl zlnc lons lo lhe cathodo (Figuro 2c). The zinc ions thon plalo onl0 tie
cathode l0 rc0ain the clectmnt thoy loEt at tho anode (Figur0 2d).

plating, but the plating times usually are
looge!, Very high plate hardnesses can be
obtained with nickel dependhg on how vari-
ables such as plating time, electolrte tem-
perature, and curent density ale controlled.
Mckel plate is hard and duable, but it tar-
nishes easily and must be polished ftequently
to maintain brightness. For this reason,
chrome is usually plated on top of nickel.
When used as an undercoat for chrome
plate, nickel plate is usually applied about 30
microns thick.

Chrome Plate

There are two varieties of chrome plating:
hard chrome and decorative chrome. Hard
chrome plates are very thick (ftom about 2.5
microns to 500 microns or more) , very hard,
and corrosion re§stant. They have a low co-
efficient of ftiction and adhele stlongly to the
base metal so no metal undercoating is
needed. These properties make hard
chrome plate a great surface coating to use
where sliding wear is a problem. For exam-
ple, piston rings in automobile engines can
last fve times longer when hard chrome
plated.

Decorative chrome is very similar to hard
chrome plate except that it is much thi.ner
(ftom about 0.13 to 1.3 microns) and, due to
a slighdy diffeient plating procedure, is not
quite as hard. For best results, decorative
chrome shorrld be applied over metal under-
coating(s). This is the tyæ of chrome plating

found on bicycle ftames. Decorative chrome
plating requires an electrollte (usually chro-
mic acid) that contains a high concentration
of chromium atoms and liquid catalyst to
make the plating reaction occur, The anodes,
usually made of an insoluble lead alloy, pro-
vide the surface upon which chromium atoms
are ionized. Current densities are about
three times higher than for nickel ptating,
and plating times are very short.

Table 1 shows cleaning and plating se-
quences which rnay be performed on bicycle
fi'ames. Please keep in mind tlnt this infor-
mation doesn't reflect the exact procedures
used on bicycle ftames. Åctua.l cleaning and
plating operation§ can be much more compli-
cated.r For example, the rilrses between
cleaning and plating can require several
steps. Also, there are many plating solutions
to choose ftom, as well as literally hundreds
of chemical additives to slow the rate of
metal deposition, enhance brightness, and
level small surhce irregularities. These vari-
ables, in addition to current density, plating
time, and bath temperature make electro-
plating more of an art than science.

Incidentally, by altering the chemical con-
ditions of the plating process, it is possible to
obtain chrome plate of different colors. The
most (åmiliar non-silver chrome phte is black
chrome.

/Fot ø Wth, disa.ssbn ol actal cbaia øan
eL.@iig boc.fules, s.t rfu Mctels Håndbook,
9 6 .ni!bn, telvfi.5 CIhz Aridi.an S&bt oI
Md4h, EA),

12

B
e

PI



o[ld6laytr\

I-,#-]
raid

FiguE 3: When a piocs ol slo€l ls placod ln
æid, tho o{do layor dissolvs§ aray, 0xp0s.
ing small anodic and Gathodic aroas (Fi0urr
3i). lrcn aloms aro dlssoly0d lnb lmn loltr
få!-), and ttl€c elcclmns por atom movc t0
th. Gahode. Hydmgsn ions in lhe æid plato
onlolho cathodo a[d G0mblno t0 lom hydru.
gon oas (Flouro 3c).

Table 1 §tcp8 lnmlvsd ln Chmmc
Plaling (Coppcr, iliclcl, Chmmo Plalo)

buft copper plate
degrease rinse
dnse nickel plate
pickle dnsa
dnse chrome plat6
copper strike rinse
dnse buft (if necessary)

Problems with Elecffoplating

Unlike painting, electroplating and associ-
ated cleaning methods cao actually detract
ftom the strength of a ftame.5 Several prob-
lems car crop up if the plating process is
done carelessly. One of the worst problems
occurs at the start of the plating process:
clearing the frame in the acid pickling ta*.

Why are acids used to clean frames? Acids
contain certain chemical sDecies that aggres-
sively attack and dissolve iron oxides, which
is good, But after the oxides are removed,
the acid proceeds to corrode the bare steel.
This occurs because steel Oke all other
metals) has microscopic portions of its struc-
hrre that have a Sreater teldency to dissolve
thalt others. These anodic areas are bolded
to cåthodes, so they are in electdcal co act.
The dilute acid solution used in the pickling
process is a great electrolyte; dipping a
tame into tlrc pickling tank completes the

sPaifi,,l its.Y b han'.t4tt, bd sone $emittts aad
lncettsr.s ued b l/ew ond clrnt dql lor fuiil.
ns, nL. itosthdL,tg, bahing, and clrznnd sbrt-
tirq ?an, in o,ørf, af.d &. st/ength d.furr2s.

formation of thousands of electrochemical
cells, so conosive attack begins over the en-
tire surface of the tame.

As the corrosion action becins, iron atoms
begin ionizing at the anodes, so tlrcre has to
be some sort of plating action at the cath-
odes (see Figure 3), Celtain constituents of
the acid and the water used to dilute the acid
begin plating onto the cathode surface.
These constituents combine, with the help of
excess electrons at the cathodes, to form
gases, water molecules, and different types
of ions. The corcenhation of gas at the cath-
odes increases with time, and eventua.lly
forms gas bubbles. These bubbles rise and
new ones begin forming at the cathodes.
We'll discuss tlle signifcance of this gas a lit-
de later.

As the anodic areas continue to colrode,
the acid becomes progressively licher in iron
and other metal ions and atoms (some alloy-
ing elements in the steel ale ionøed, some
aren't). The acid Eevents any of these iron
or metallic ions ftom platilg onto the cath-
odic surfaces, so they remain in the electro-
lyte. It's apparent, then, that the pickling
process literally eats away the steel sulhce,
thinning the tubes. The amount of tlinning
varies considerably depending on the condi-
tion of the steel and the strengti and expo-
sure of the pickling bati, but losses in wall
thickness of up to three percent6 are not rm-
common. And if the pickliog solution is al-
lowed to get inside the tube, then wall-
thickness reduction could easily be six
percent.

Whatever the percent .reduction in tube
thickness, 6ere will be a corresponding in-
crease in stress on lhat part of the 6:ame.
And as Pad I of this series showed, srBll
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reductions in wall thickness become ircreas-
ituly sigdfcant as the thickness of the tube
decreases. So it's important to minimize re-
ductions in wall tiictness to acceptable va.l-
ues (probably foactions of one percenD by
cleaning the frame pdor to pickling so the
frame spends ninimum time in the pickling
tank, and making sure that tle insides of the
tubes arer't pickled. A sure sign that a fiame
stayed too long in the pickling tånk is a
roughened surface on it caused by preferen-
tia.l corrosion (i.e., some areas are more a[-
odic than othe!s).

A related problem is p,rrirrg. Pitting usually
occurs dwidi'g elcct/olltic tirhling- ln tfis pro-
cess an electrical current is passed through
the component (or anode) to accelerate pict-
ling. When small pieces of oxide bleak off,
exposing bare metal to the acid, the metal
dissolves at a rate faster than normal and a
pit is produced.

Hydrogen Embrittlement

As I said earlier, one of the reactions that
takes place at the cat}ode during pictling is
the formation of gases. Usually, hydrogen is
the 8as evolved at these sires. Single hydro-
gen atoms' are very small and can easily be
absorbed by steels. If enough hydrogen is
absorbed, the steel can suffer a drop in me-
chanical propertiess because the steel be-
comes embrittled.

Nobody knows exactly how hydrogen em-
brittles steel, but here are two theodes.
Since hydrogen is such a small atom, one
theory says that it call take up positions be-
tweel ilon atoms; the iron atoms become
bonded to hydrogen atorns instead of neigh-
boring iron atoms (see Figure 4). The bond
strelgti between iron and hydrogen atoms
is assumed to be less than tllat between just
iron atoms, so cracks can form more easily
in the steel at low stresses.

The achral strenSth of metals (and most
other crystals) is or y a fuaction ol what it
theoretically should be. This phenomenon
puzzled metallurgists for a long time until it
was theorized (and later proved) that atom-
sized defects are present itr crystals (these
defects make metals malleable). Hy&ogen
atoms absorbed by steel dimrse and evettu-
ally come to rest at places where they ft in
well; a second theory suggests that they col-
lect at crystal defects (see Figure 5). Hydro-
gen atoms residing at these defects combine
to form hydrogen gas. This gas can't move
around as easily as single atoms can, so a
pressure is exerted on the surrounditg iron
atoms. This local pressure pries the steel
apart, so only small external stress€s are
needed to Iorm cracks. Whatever the actual
mechanism, hydrogen embrittlement begins
h the pickling tank.

'Thisisi,.r,nfra-r,!l.ltldrogeng t, whidt hAt tuo
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Fi0urs 4: lnn alons in §teel. When hydro-
gen onters stecl, thoy may bk6 up po§ru0ns

bolws8n tho lmn aloms æ deplcted by iho
dafi clrclos ln tigurs 4b. Iho Dond slrcngti
bclwocn ion ahms will be r0ducod, ln'
Gleasil! lh6 lilollhood lhat low lovol
slresses will crack ihe slecl.

The threat of hydrogen embrittleme is

also present duling elecfioplating, Il the
platirS process is less thar 100 petcent effi-
cient (i.e., all the electrical energy does not
go hto platilg metal ions onto the cathode),
some fraction of electrical energy is used to
qeate unwaoted chemical species, like hy-
drogen. Chrome plating has a yery low plat-

iog efficiency (about 20 percent; this is why
the curred density is so high in chrome plar
ing), so a lot of hydrogen will be ploduced.
Copper and nickel cån be electroplated with
much higher e6ciencies, but small amounts
of hydrogen will still be formed. Hydrogen
formed during electroplating call then
diffirse either directly into the base metal, or
through the undercoatilgs to the base metal.
And if picHing attd electroDlathg solutions
enter tubes, hydlogen \r,ill be folmed on two
surfaces instead of one. It is these multiple
exposures to hy&ogen (similar to multiple
particle blastings) rvhich can compromise the
mechanical Eoperties of steel tubing.

The presence of hydroger bubbles at the
cathode cån also compromise the aesthetics
of chrome plate. These bubbles prevent the
chromium ions tom plating smoothly and se-
curely onto the cathode. This results itl small
pits in the plate ra,hich can be remoyed only
by stripping the old plate and starting over.
To avoid this, wetting agents are added to
the electlolyte to promote detachment of
bubbles from the cathode.

Conective Measures

The entire electroplating plocess, Aom
acid pickling to chome platiry, takes ap-
proximately one hour. ln this time span, a
gleat deal of hydrogen can be absorbed. The
steels most susceptible to hydrogel embdt-
tlement have yield stre[gths of about
200,000 psi or more. Since the steels used
to make bicycle trames have yield streryths
of about 100,000 psi or less, hydrogen em-
brittlement should be less of a problem.
However, the amount of time a component is
exposed to hydrogen isn't the or y factor in
determiring how much hydrogen is ab-
sorbed; surface 6nish, microstucture, and
residual stesses caused by bazing also play

a role.
Tests have shown tlrat the more clystal

defects in the steel there are, the more hy-
drogen is absorbed. So there appears to be a
relationship between the two, eYen though
this mechånism of embrittlement stated ear-
lier is conjecture, Flames that have been
particle blasted prior to plating are likely to
pick up more hydrogen than those that
weren't because sandblasted steel exhibits
more crystal defects.

Simila y, hydrogen may tend to se8regate
to areas of the ftame that have been dis-
torted by bmzing, So it's possible that
frames calt absorb too much hydrogen, espe-
cially since tIfu tubes ale more quickly satu-
rated with hydrogen than thick tubes. If it
cao be determined that ftame tubes ab-

sorbed a lot of hydrogen (an aoalysis that cån
be done, but that is extremely expensive),
corrective measutes can be taken.

A low tempemture heat treatmeflt will re-
duce hydrogen's emb ttling effect. Low
temperatule baking is sufficient to re-
mobiløe hydrogen atoms, which can tien dif-

fuse out of the steel. Since temperatues ale
lo$,, the structule of the steel isn't changed

appreciably from its origina.l Oefore plating)
properties. Although there are no estab-
lished standards for heat treating hydrogen-

embrittled bicycle frames, baking in the
ranee of 200' C - 2A0' C (390' F - 465' F)
fo! three to four hours is suitable.' ElecEo-
platers ['ve talked to who plate bicycle
frames are aware of hydrogen embritdement
but don't perceive it as a problem. As a

result, they do['t bake the tames after plat-
ms.

Stripping

If a poor iob was done electroplating
copper,-nickel, or chrome, the plate cån be

suipped off by immersing the plated areas in

acid. And like pickling, stripping can be done

electolytically to save time. But acid§ must
again be used; their concentration and tlTe
vary, depending on the metal which must be

removed. Suppose, for example' a trame

were nickel plated. Concentrated nitric acid

can be used to stdp it, but this will also at-
tack the steel tubes. If chrome must be te-
moved, the metal udercoat may be at-
tacked. The Irame may then have to be

tleated with yet another acid to prepare it
for new chrome plating.

Redohg a bad platiry job or refnishing a

fame can result in further leductions of rvall

thickness if the plate closest to the steel is
removed, and/or if stripping acids erter the
tubes. In addition, more hydrogen can be
picLed up by the steel duing stripping and

subsequent recleaning and replating. This
might lead to dalgeiousty high levels of hy-
drogen h the steel.

eReJeænæ l, l. 81.

Flgurc 5: Hydroccn ions ln the elcctolyto Dick up electnns at the calhoda and lom
hydrcgen atoms. Tiese atoms can ollhst comblne t0lom a gas bubble on the surhco

ol lhs calhodo, or difluss inlo lho 5læ1.
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Conosion

Some framebuilders go to great pains to
rnake sure that pickling and plating acids
don't enter the tubes. [fchainstays are being
cfuomed, they ask the electroplater not to
immerse the bottom bracket area. When
forks are plated, air holes are brazed shut.
But if the entire frame is chrome plated, or if
the ftamebuilder doesn't explicitly instruct
the electoplater, it's likely that piclding and
plating acids will enter the tubes. Once these
acids aie io the tubes they'rc diffcult to get
out. Rinses between pickling and plating
must be done carefully to ensure lhat the in-
sides are tloroughly cleaned. The problem
here is that the dnses may not get inside the
tubes as far as the electollte did because
thin tubes are hard to flush out unless there
are bleed holes. Any acid residues left inside
the tubes eventually dry out and leave be-
hhd small crystals of acid salts.

If water then enters the tubes (either as
rain or humid air), the acid salts left in the
tubes will redissolve to form a new liquid or
paste electrol,'te. The concentration of this
acid will be higher than that used in electro-
plating because the ratio of acid salt to water
is higher. The stage is set for tubes to cor-
rode from the inside out. This can be a par-
ticularly dangerous situation since it's not
apparent when areas of a tube have thinned
to unsafe dimeosions. Figure 6 shows what
cån happen to the hside of a chrome plated
tube.

Micræracks

Chromium is a more reactive metal than
iron, but exposure to oxygen in air forms a
very thin but tough oxide layer on its sur-
face, which protects the remainder of the
chrome from corroding. However, you may
have noticed chrome plating that appears to
be rusting. This isn't because tie ckome
layer has corroded. Rather, moisture has
passed through the chiome plate aad has
rusted the steel beneath.

Chrome plate can have a Wtotts ot m;c/o-
,/acå.d structure durinS application depend-
ing on the plating process used. The reason
why the plate becomes cracked during appl.i-
cation isn't kaown. Perhaps it is due to the
l,ay tle plate grows, or rnaybe the crystal
structure of the chrome changes during plat-
ing, causing it to coDtract. Perhaps plating
cracks in an effolt to relieve its surface ten-
sile stresses. Cracks in thick plates are usu-
a.lly restricted to the sudace because cracks
tlat form close! to the substrate are 6lled by
plating on l.op. But thin, decorative plaring is
usually cEcked all the way tl[ough and it al-
lows oxygen and water to reach the base
metal, cåusing it to corrode.

This is one reason why meta.l urdercoat-
ings are used. But the choice of undercoat-
ings is not accidental. Nickel is used because

Figrre 6: Th8sc pholos wcre takbn lrom two localio0s inslde the head lubsrdown tube ioint ol a
high-quallty lrame seueral years old. They are cmpped together t0 show the dlllerences in tubing
lhictncss al each localion. Platlng solxtions entared tho tubes whon the lug uas Gh.omod and
were not c0mpletely llushed out. As a tesult, seuerc coffosion occu]red, Gausing an csllmaled A0
percent dillorcnce ln wall thicknoss betwssn the lwo locations pictursd.,O timas magnilicaton.

it is anodic to chromium and thus corrodes
instead of the cfuome. Since iton is anodic to
nickel, corrosion that makes it past the
nickel plate means the steel will corrode.
Corrosion that has reached the steel causes
the chrome to blister. Copper plate beneath
nickel helps improve nickel's corrosion re-
sistance and thus protects the steel better.

For maximum corrosioD tesistance then,
steel fiames should be copper, nickel, then
chrcme plated. However, bicycle hames are
frequently only nickel and chrome plated or
just chromed with no undercoats at a.ll. This
eliminates the two-step copper plating pro-
cess, perhaps to save money, or maybe be-
cause manufactuers and builders feel that
frames don't need the extla corosion pro-
tection. Just ckome plate may be accept-
able, as long as the plate is thick and isn't
cracked all the way through. Figure 7 shows
a thick, crack-ftee plate with no undercoat.

Fatigue

Fatigue is a process whereby metals fail
due to repeated application of stresses.
Sometimes the stesses are well below the
yield stength of the metal, but stresses near
surface or structural discontinuities can be
very high. This may produce a crack rvhich
can grow and cåuse eventual failure. Bicycle

cles,'o are subjected to repeated stresses,

lase2 "Can S*tlau Fhidt Afed tt2 Strengtt ol
Yotr Floia? Panbh Bl,"rting, Pan II," Btke
Tech, Febntaty 1984, and "Whtt Is Fatiga?"
Blke Tech, Octabe/ 19P.

rrModern Electroplating, E Loueastein, Ed.
(Nru yorh: Joh?t Wiltr and So t, Ine.) l. 128.

so nothing should be done to Irames to de-
crease their fatigue resistance.

However, it's been shown that ckome
plated surfaces declease the fatigue strenSth
of steel. This happens because the plating
contains residual tensile stresses which
stretch the surface of the base metal. When
this happens, the base metal develops its
own surface tensile stlesses, so chrome
platiry can have the opposite effect of peen-
iog by locking in rathe! than retevinS these
stresse§. As stated earlier, these residua.l
skesses may work themselves out by crack-
ing the chome plate.

ln addition, cracks in the chrome plate can
act as stress rasers which may grow into the
base metal. However, fatiSue tests that I'm
aware of have not utilized samples 

^with 
cop.

per and/or nickel undercoatings, '' so test
results cån be applied or y to those frames
with no undercoatings, such as in Figure 7.

Summing Up

The most important concern in the plating
process is to keep the pickling and plating
acids from getting inside the tame tubes. If
tiose acids get h, tie tubing will be thirLned
twice as much, hydrogen will be absorbed
on both surfaces, and, unless these harsh
chemicals are completely rinsed out, they
can lead to severe corrosion problems later
on. These problems can be avoided if only
the iort folk or the chaimtays are chromed

- the air holes can be brazed shut and it's
not too diffcdt to keep the bottom bracket
shell out of the pickling and platiry tånks.
But if the entire foame is chrome plated, it is

|'zRe1eøw 11,9. 128,
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Figun 7: This is a coss ssclion ol a s€al
plahd direclly on lop ol lho sl6ol. Ito platE

cracked. 1435 llmos maonmcaflon.

stay lmm a JapanesE lram6. The circms i§
ls about 16 microns thlck, and i8 not

on tubi[g ua.ll t]ickness. Chrome plating call
create surface tensile stresses and, if the
plating bath electrollte gets inside tubes ard
isn't thoroughly rimed out, the residual ac-
ids will certair y cause the tube to rust on
the inside.

Any additional particle blasting or pickling
of the frame, to remove a defective 6nish or
as the 6rst step in refinishing, removes still
more metal. All thr:ee procedures, even
when done with great shll, will reduce tub-
ing wall thicloess, Ieave residual stresses
and corrosiye acids in the tubiry, pit the
tubes, and/or emb ttle the tubes with hy-
drogen.

I believe the major question that has arisen
ftom this series of three articles on tlrc ef-
fects of surface finish on tames is whether
or not tame tubing was ever designed to be
subjected to particle blasting, pickling, and
chrome plating. Most ftame tubing is quite
thin to begin with; hou much thimer cår it
get before its structural integrity is compro-
mised? And when do the stress raisers put
into tubing become too large or too numer-
ous?

Most frame tubes appear thick enough to
withstand some abuse they misht not have
been desimed to take. This is fortunate be-
cause particle blasting, pickling, and chrome
plating are cost-effective, time-saving, and
aesthetically pleasing steps in tame building
tlat few builders cafl do without. I would
caution against the use of these procedures
when working with ultra-thin tubfug like
Reyrolds 753 and Columbus Record and KL,
but even tllen, if these procedures are done
properly, few problems should arise. But
disregard or ignorance of the potentially
damaging effects of particle blasting, pick-
ling, and cfuome plating could set a frame up
for early and possibly dangerous failure.

inevitable that these acids will seep in unless
special care is taken to seal the head tube,
seat tube, bottom bracket, and all the braz-
ing air holes.

It may seem excessive to bother plating
copper and/or nickel on ftames il a crack-
free chrome plate can be put on. This may
have been the reason why the frame in Fig-
ure 7 was Ilot undercoated. However, a sla]
ping chain can put nicks in the thin ckome
plate on tlle chainstay and expose the steel
below. The same is true if chrome is worn
off the dropouts. Thus it $,ould be worth-
while to haye a thick, hard nickel plate be-
neatl the chrome to help resist wear and
corTosion.

If frames are chrome plated with no under-
coating, their fatigue resistance will be low-
ered, But is this drop in fatigue strength
enough to cause concern? Maybe, maybe
not; but to be on the saJe side, I don't rec-
omrnend chromi[g high stress areas of the
frame |ike the tont fork, I also suggest for
bette! fatigue lesistance and corrosion pro-
tection that chrome be done on top of a cop-
per and nickel undercoat. The chrome plat-
urg on the frame in Figue 7 may not be
indicative of all bicycle chrome work, but I
suspect that it is corDmon practice, espe-
cially in Europe, to plate only with chrome.

Interestingly, the latest (19&{) Columbus
tubing cata.logue lists some guidelines for
chrome plating and pickling their tubirS. This
is the 6rst time, to my knowledge, that any
of the bisyde tubing manufacturers has of-
fered any such information. Columbus does
"not recommend" that their tubes be
chrome plated. They also recommend that
their tubes be pickled in a mild three to lour
percent solution of sulfuric acid at a tempera-
ture of 40' C (104' F). This is a much less
aggressive solutiol than that lecommerded
by other sources,r3 These lecommendations
indicate to me that Columbus is concerned
about the dangers of thirudng and pitting
their tubing in a strory pickling bath.

Columbus doesn't indicate whether
chrome plating voids the warrarty on tlEir
tubing, but you can be sure tlEt they'U not
warrant any tube tiat fails ftom the effects of
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picHing andior plating. Thus it is important
to be aware of the problems inhere in the
electroplating plocess so that the already
thin tubing used in bicycle ftames will not be
thirured, corroded, or embrittled with hydro-
gen any more than the process requires.
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Po$suipt

Steel tubing undergoes a reduction in wall
thickness at each step of the frame building
process. The high temperatures of brazing
cause oxidation of tlrc tube's surhce. Palti.
cle blasting and picHing both take their tolt

Subscribe Now to BIKE TECH...
Bicycling Magøzine's Newslctter for the Technicøl Enthasiast

ADDRISS
Send me one yeaf,
(6 issues) of BIKE TECH,
and bill me crry
for just $14.97 .

i

i

BIKH"TE"",pH" ,* ztP _
Canadian orders add S3.00. Other foreiSn add t6.00
for sea mail, $10.00 for air mail.

16


