Materials Science & Engineering Chapter 16. Corrosion & Degradation

Chapter 16. Corrosion & Degradation (4] & &3}

=< =

Metals ~ Corrosion (£ 4))

Polymers ~ Degradation (&3}
Ceramics ~ £ 4! or 23}of| Z &t

Corrosion of Metals (&% 2| £ 4])

/= =1 —

the destructive electrochemical attack of a material
HE EHMPE Wy

Cost: about 5% of the Gross National Product (GNP)

0i: Xk & Xt body panel, radiator & exhaust components
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Electrochemistry in Corrosion (£ Al0{| A2 F7|3He)
FEMEO| £ 4] ~

e A0 CHE HAE TRV Ol st
sterErS ol ofsll doiH
> 7|3 B

Oxidation reaction (AtsghE

) for metal M:
M > M"™ + ne

M2 n7He| 7tXIE do{HE|

Fe 2> Fe" + 2e
Al > AP+ 3e
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Anode (¥=): oxidation (4t3}) 7t HoiLt= X[
> {3 E anodic reaction (¥= 2H8)0|2tD &

Cathode (&=): reduction (&H#)0| Lo{Lt= K|
> 82 cathodic reaction (&= Bt8)0[2t1 &

Reduction (&) reaction:

Reduction of H* ions in acid solution:
2H* + 2e- > H,

Reduction in acid solution containing O,:
O, + 4H* + 4e- = 2H,0

Reduction in neutral or basic solution containing O,:
O, + 2H,0 + 4e- - 4(OH)
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Reduction of a metal ion:
M + e > M-+
M + ne- > M

M7|5tet g
AFSE HES. %% HHS 24zt g HHE BHE (half-reaction)Ol2} &

TIA| gtS ol M Txtet 0|20 2|5 7&5}9 =3 52 Q8
Argto] ofsf dEEls 2E MR &
(= Total rate of oxidation = total rate of reduction)

0{) Zn metal immersed in an acid solution containing H* ions
(= Fig. 16.1)
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Zn —3"'Zn2+
Zinc Acid solution
.
.
_I_
H T~
H+___—-?’

Fig. 16.1 &F <M Lol A ofode| £ Alof et 7|3 EHS.
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oled EFHO|A{ 2| ASHEEE:
Zn > Zn2* + 2e- (A3t HHEE HHE
I8 X|F0] RI= H o2 ol BH&EHS:

2H' +2e > H,(9)  (REHEHES)

F |

—

ol
010

> A 718

|

Zn =2 Zn?t + 2e-
2H* + 2e 2> H, (9)

Zn + 2H* > Zn2* + H, (g)
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0d[) Oxidation or rusting of iron in water containing O,

First step:

Fe + %20, + H,O > Fe?* + 2e- + %20, + H,0
> Fe2* + 20H- > Fe(OH),

Second step:

2Fe(OH), + 0, + H,0
> 2Fe3* + 40H- + 2e” + %20, + H,0
> 2Fe3* + 40H" + 20H" > 2Fe(OH),

/

= (rust)
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Electrode Potentials (Z1= T<)
~ 2% SFol Mer Mo WEIOE > MRATHOE
0.780 V
- -
— —5-
 Voltmeter
|
somor i D 0 ool

Fe Felt

Fig. 16.2 2 0| 1M 2
%0i| Fell Cu T=2=
T AEl electrochemical

Cu®* solution, cell (XI_-I7|3|-°I'7(‘II|)
1.0M

I
I
I
|
|
|
J

Fe?* solution,
1.0M

e
Membrane ! Iﬂﬂﬂﬂ
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Mol ArstHEES:

Fe 2> Fe?t + 2e (Corrosion)

SRS

S,

Cu?*+ 2e- > Cu (Electrodeposit)

> ™| 8-S (net reaction, ¥ MEHS):

Fe + Cu?* = Fe?2* + Cu Mer-0.78 Vv

(Ao &retof M dEE MR = FEIZ 0[T)

ok

- Galvanic couple (Rl& x| &4

)
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H(Fe)t ofd(zn)2 2 T8t TX|e| B2

0.323 V¥

+ —
- -
e e

Voltmeter

Fe Fe?
Fig. 16.3 Zf 0|2 1M &<
L0 Fell zn =222
TEE 7|8 e

I
I
I
|
|
|
J

Zn?* solution,
1.0M

Fe?* solution,
1.0M

Membrane -‘IE‘-%II:II!rEI
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Aol ghEHS:
Fe’t + 2e- > Fe (Electrodeposit)
ofpdo| At3tEES:
Zn 2> Zn%* + 2e- (Corrosion)
> YW EE:
Zn + Fe?* > Zn2* + Fe T2 0.323V

&, M3EeF B2 A CHA 0|,
M7|&tEr A Arst-ghpEtE o] Ao k2t A E
E &HHZ M X|(standard half-cell): 25 °)CHM 0|2 5= 1M X

=
S0l 9l =4 34 MIoR F U x|

=200
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emf~EtQ| MtF sl & = U= Lol &
(0d) 7|™=230]| 1.5 vl ™X|= O|& &2tst= 1 ol Hstof

1.5 S ol &

Standard hydrogen electrode (E& &4 ™=
~25°CO| M 1 atm@| H, Z|X|7} Z£3tE|0 SFEI=
H*ion 1M &4 £0f| dX|E S EEPITUILZE 7Y

> O| M=8 7|E2 = H,7t &t3tE[7HLE HH 7t B E
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Voltmeter

e e

Pt

H* solution,
1.0M

!

Membrane

Hydrogen gas, 1 atm pressure
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Table 16.1 The Standard emf Series (Ef 7 HFS O]

|

Increasingly inert
(cathodic)

sz 571

3Ry STt
Increasingly active
(anodic)

Electrode Reaction

Au*t 4+ 3e~ — Au
0O, +4H" + 4 — 2H,0

Pt** +2¢~ — Pt

Agt+e — Ag

Fe’t + e~ — Fe?t

0, + 2H,0 + 4e~ — 4(OH")

Cu?*t 4+ 2¢- — Cu
2H" +2¢~ — H»
Pb’t +2¢~ — Pb
Sn?t +2¢~ — Sn
Ni** 4+ 2¢~ — Ni
Co** +2¢~ — Co
Cdt 42¢— Cd
Fe’t +2¢~ — Fe
Cr*t 4+ 3¢ = Cr
Zn*t +2e~ — Zn
APt +3e— — Al
Mgt +2¢~ — Mg

Nat + e~ — Na

Kt+e =K

ol

2 &

Standard Electrode
Potential, V' (V)

= uhz B3

+1.420
+1.229
~+1.2
+0.800
+0.771
+0.401
+0.340

0.000
—0.126
—0.136
—0.250
—0.277
—0.403
—0.440
—0.744
—0.763
—1.662
—2.363
—2.714
—2.924
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Oxidation of metal M; & Reduction of metal M,:
M; 2> M;™ + ne- V.0 (AtstE B & BHOH)
M,™ + ne- 2> M, +V,0

\0: standard potential (& ™<|) & Table 16.1

> HAEHS (LMELS);

|.

1
ok
[0

ll

=]
—

Table 16.12| of2 &2 At & =
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Influence of Concentration & Temperature on Cell Potential
(S & 2= 7 ™X| ™d2[of O|xl= &

Z|MBd2 250C, 1 M A MHEE ML

FH
[

Nernst equation:

F : Faraday constant (96,500 C/mol)

n-+
0.0592 ;"]

n |\/|2




Materials Science & Engineering Chapter 16. Corrosion & Degradation

Ex. 16.1) 7|3t X[ o] BFZ 2 Ni2+ O|R Al £o| Ni =

CHE EH32 Cd?* 0|2 8! £2[Cd =22 0|Fo{H
(a) Standard cell (& ™MX)Ql 2 ™A ¢80k ™Y 2
- Niof| H|all Cde| 7|H20] X 7| =0 Cd= &FEHE

Cd > Cd?* + 2e-
Ni* + 2e- 2> Ni

Ni2* + Cd = Ni + Cd?* (MA[EHE)

(Table 16.12| 7| 22 2R H)

AV = V0 — V2 = -0.250 V — (-0.403 V) = +0.153 V/
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(b) Niz* 0|2 S E 7} 103 MO|1 Cd?* O|R %71 0.5 MRl AL
25 °oCO| ML MX| ML= 2

> 8N £9| 0| 57t 1 MO| ot BLE Nernst 412 0
B Alttoll M Ao{El AV ol # = 2 Abstet B oF AY
M, Ni2 &3tE|T CdE B ECtn 7HE8l 2R

Cd?* + Ni > Cd + Ni?*

RT Iln[Ni2+]
nF  [Cd*']

£ 0|&3dl H{HSHEH, AV =-0.073 V

= A= (\/2O —vlo)—

B27 &+ 0/22 T™X| EF&S2 Niz* + Cd > Ni + Cd?*

=, cd= MEE|T Nis BT AV = 0.073 V
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Table 16.2 The Galvanic Series

Ranking of the reactivity of

metals/alloys in seawater
(HIZ Z 0 Me| K| M)

Increasingly inert (cathodic)

Increasingly active (anodic)

Platinum

Gold

Graphite

Titanium

Silver
316 Stainless steel (passive)
| 304 Stainless steel (passive)
[ Inconel (80Ni-13Cr-7Fe) (passive)
| Nickel (passive)
Monel (70Ni-30Cu)
Copper-nickel alloys
Bronzes (Cu-5n alloys)
Copper
| Brasses (Cu-Zn alloys)
[ Inconel (active)
| Nickel (active)

Tin

Lead
[ 316 Stainless steel (active)
| 304 Stainless steel (active)
[ Cast iron

| Iron and steel
Aluminum alloys
Cadmium
Commercially pure aluminum
Zinc
Magnesium and magnesium alloys

Source: M. G. Fontana, Corrosion Engineering, 3rd edition. Copyright 1986 by McGraw-Hill 2gicietm

Book Company. Reprinted with permission.
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i

Corrosion Rates (5 Al

)

Corrosion penetration rate (CPR, &4 EE2)

B Alo| Antz xiz ol FH I MAHEIE
HS 0.5 mm/yr O0|5t2| CPR2 3—|gE=I)

Jf)

pAt

/
(mm/yr) / \‘\

o| X LS A|Z¢
(g/cm3)  (cm?) (hr)

K: &< (87.6)
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Forms of Corrosion (£ 4!2| #EH)

Metal corrosionl| £ &
~ 8 forms of corrosion

Uniform attack (=2t & 5 41)
Galvanic corrosion (K1X| £ 4)
Crevice corrosion (A £ 4))
Pitting (IZ| &)
Intergranular corrosion (
Selective leaching (41&H
Erosion-corrosion (DPE k)
Stress corrosion (3 £ 4))

QA =)
G| ilzTS)
/1 (A=
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Galvanic corrosion Steel core

Fig. 16.14 o{Md HIS 2| 2=+
Hz Q7 22| MK
EH Al Steel core 201

FZ MEFHE Mg shellof|
M Lo F 4

Magnesium shell
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Fig. 16.17 ¥4t SMof ofsH 24
I

st Z T (steel plate) 2| I|&!.
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—Intergranular corrosion

Weld -
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Fig. 16.20 =&7| 85| o1&
HZ0| elpow0i| A EF St

oh&(0HE E A,

—
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Corrosion Prevention (541 & X|)

Material selection (M= 41EH

Environmental alteration (&4 H4)
Use of inhibitors (FXA| AFHR)
Design changes (A7 )
Application of coatings (Z & & &)
Cathodic protection (8= E%

Inhibitors ~ 2kZto| M7I2 BAIS ZAA|ZF|I=E EE
Qish: 2 HA KA, AL BFH g 'S,

=200
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M > M"™ + ne
AretE] =2 .::.“—'.*-(sacrificial anode: &l )2 ™M7[He 2 44
> At Ejo Wl E MR E 25 Mo 32 > BA EX

5| &= ~ Mg, Zn=2 ELO| AIE

Galvanizing process: steel2 molten Znoi| & & A|7{ &SI 1}
A =
o

== 23 0i: = 3|H, X|ot &¥3 I i, Y FHI
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Ground level

Coated copper wire -

Earth

= environment

. Backfill

s ]
Current el
Steel Z &
pipe }]<—1 M8
: anode
()

Fig. 16.23 (a) 3|

OF
o
(b) 2IF =

~ " Current
—¢ Rectifier & /
it
I
I
: |
Current 5 Backfill
Tank i | s 4
o =<
\
\h.._‘____.f’;
(b
= —_ (=) _—
o XSt R 53 EE,
= —_— (=) —_—
o|8st x|t 3o S=2 ES
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Corrosive environment

Zinc coating

(anode) Cathode region

————

Fig. 16.24 of¢d FEloy| 9|3 Zto| &5
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Oxidation of Metals

=5 EH flo SS9 et &

~ scaling (), tarnishing (#444), dry corrosion (744d)

Mechanisms
27t 25 Me| At el F4 b (TR BHS)
M + %40, > MO
A3l HEZE BES (metal-scale interface):

M > M2t + 2e-

o
o

U2 HHS (scale-gas interface):

150, + 2e- > O~
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Metal Oxide scale Gas
(M) (MO) (05)
M2+
—_—
#
e
ﬁ.
e
M —=MZ* + 2¢- 20, + 2~ —= 02"

Fig. 16.25 =5 R Z|A|of o|gr st TR,



Materials Science & Engineering

Chapter 16. Corrosion & Degradation

Aretar = O Mo of&

M FH<= ol2
= im0 2 EE| M2+ 2HAH

= HH Zo 2 02 Ft

> Pilling-Bedworth ratio: metali| CH8l oxide 2| &CH £ I|H]
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Pilling-Bedworth ratio,

3ao Bk MEEo U

&, O|&™QI p-B H|: 1~2 AtO[2| Zt& 7IE &
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Table 16.3 Pilling-Bedworth Ratios for a

Number of Metals
Protective Nonprotective
Ce 1.16 K 0.45
Al 1.28 Li 0.57
Pb 1.40 Na 0.57
Ni 152 Cd 121
Be 1.59 Ag 1.59
Pd 1.60 Ti 1.95
Cu 1.68 Ta Z.93
Fe 1.77 Sb 235
Mn 1.79 Nb 2.61
Co 1.99 U 3.05
Cr 1.99 Mo 3.40
Si 2.27 \\' 3.40

Source: B. Chalmers, Physical Metallurgy. Copyright
© 1959 by John Wiley & Sons, New York. Reprinted
by permission of John Wiley & Sons, Inc.
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Kinetics

(parabolic relationship)
weight gain/area time K;, K,: constant
2. £h2te o] CHEE 0| 7L BI7AX|= B9 : Na, K, Ta

W = Kt (linear relationship)
=

1
2
x
0%

ME|= 2F2 (<100 nm) &HSHEFOI 42 Al Fe, Cu

= K log(Kst + Kg) (logarithmic relationship)

e
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Weight gain per unit area, W

Parabolic

Logarithmic

ﬂl'|[|
o

Fig. 16.26 MY, X
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Degradation of Polymers (2 X}t2| £3H)

Deterioration (¥3}): Z&At M=o 30| &5 %S0
et =4 st
Swelling and Dissolution (21 £3})

~ DEX7F Ao 2 E[R2 e FL B3 HEH

“The greater the similarity of chemical structure between
the solvent and polymer, the greater is the likelihood of
swelling and/or dissolution.” - “Like dissolves like.”

Y2 > Atezh 2z 28 |, T, ¢, soft & ductile
MW, crosslinking, crystallinity 1 & T | - deterioration |

gitierm
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Table 16.4 Resistance to Degradation by Various Environments for Selected Plastic Materials®

Agqueous
Nonoxidizing Oxidizing Salr Agqueous Polar Nonpolar
Acids Acids Solutions  Alkalis Solvents Solvents
Material (20% H:504) (10% HNQO;) (NaCl) (NaOH) (C:H;0H) (CoHg) Water
Polytetrafluoro- S 5 S 5 S S S
ethylene
Nylon 6.6 U U S S Q S S
Polycarbonate Q U S U S U S
Polyester Q 0 S Q Q U S
Polyetherether- 5 5 S 5 S S 5
ketone
Low-density S 0 S — S Q S
polyethylene
High-density S Q S — S Q S
polyethylene
Poly(ethylene S Q S S S S S
terephthalate)
Poly(phenylene S Q S S S U S
oxide)
Polypropylene S 0 S S S Q S
Polystyrene S 0 S 5 S 8} S
Polyurethane Q U S Q U Q 5
Epoxy S U S S S S S
Silicone Q U S S S Q S

@ § = satisfactory; Q = questionable; U = unsatisfactory.

Source: Adapted from R. B. Seymour, Polymers for Engineering Applications, ASM International, Materials Park,
OH, 1987.
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Bond Rupture (28 m})
1 &2 Xt= chain scission0i| 2|3l degradation & = US
> Chain segmentl| 2|, MWe| Z A&

Bond rupture 2| g2f 4 20l

- Radiation Effects
~ E-beam, X-ray, fray, »ray, UVO| =EA| &
JHX| 2 scission or crosslinkingO| &0}

02
OH

- Chemical Reaction Effects
~ 0, 0, TEXIS stetS 0l ofsf Al MEFE Yo

Stabilizer= O, & free radicalZt X BFSaf 12X E=

- Thermal Effects
~ T20|ME YR Yol (C-F ZEe ¥ otE 24
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(Probs.)
16.4, 16.6, 16.7, 16.8, 16.12, 16.28 & 16.30.

=#CH2
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