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Abstract Ultra-high strength AlS| 4340 steel was austenitized for 2 hours at 850°C, water-quenched,
and then tempered at 250, 400, and 600°C for 2 hours. The tensile properties of the 4340 steel
were measured at room temperature. The polarization characteristics of AIS! 4340 steel with and
without Ni electroplating were investigated in the 3.5 wt% NaCl electrolyte and synthetic sea
water. The resistance to corrosion of the 4340 steel under a potential smaller than 500mV (vs. Ag/
AgCl) was significantly improved with the Ni electroplating. However, the resistance to corrosion
of the 4340 steel was degraded by the Ni electroplating at 1A/cm? for =30 min because of the
formation of pores and impurities in the Ni film. The hydrogen-induced stress corrosion cracking
(SCC)Y of the 4340 steel was also investigated using U-bend specimen under various applied ca-
thodic current densities and strains in the 1 N 3.5 wt% NaCl electrolyte. The SCC failure behavior
of the 4340 steel was investigated by scanning electron microscopy.
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Dt 1. 3o (T)

Dimler-]ﬁl‘

e = T/2R
Where,—e = strain
I:T= Thickness
R= Raidus

Fig. 1. Geometry and dimensions of U-bend speci-
men for hydrogen-induced SCC test.
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Fig. 2(a)+ AlSl 43407} & 1050°Cel A o
eteddt & o uAzmALe BojEuh o7k Fig. 2. Optical micrographs of AISI 4340 steel (a)
grelsl o] 4o NE o ~guolE, HebolE, after hot rolling and (b) after water quenching.
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Table 1. Mechanical properties of tempered AIS] 4340 steel.
) Tempermg WW’Yieldr Strength Tensile Strength Eloﬁgatién | Reduction ofiA;e;aﬂ
Temperature('C) (MPa) (MPa) (%) | (%)
- 250 1550 1848 15.0 41.4
) 400 - 1275 1461 17.8 447 ’
600 844 981 23.3 556
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Table 2. Hydrogen content(ppm) of tempered AISI 4340 steel as a function of curent density.

Tenipering [

Temperature(C) |
250 |
400 ]

600

Current Density (mA/cm?)

0 | 10 | 20
0.050 | 3.290 ! 5.640
0.015 ! 0.735 1 1.455
0.005 0.300 0.425

Potential{mV)
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Fig. 4. Anodic and cathodic polarization curves of
tempered 4340 steel measured in 1 N 3.5 wt% NaCl
electrolyte(pH = 7.0, 30T, vs. Ag/AgCl).
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Fig. 5. XRD results of STP and 250C tempered

specimens after anodic polarization test in 1 N 3.5

wt% NaCl(30¢C, pH = 7.0).

Fig. 3. Optical micrographs of AISl 4340 steel tem
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Fig. 6. Anodic polarization curves of tempered 4340
steel measured in synthetic sea water(pH = 8.20, 30
C, vs. Ag/AgCl).

Fig. 7. Optical micrographs showing the surface mor-
phology of Ni coating layer after Ni electroplating
at a current density of (a) 0.1 and (b) 1.0A/cm?
for 60min.
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Fig. 8. Surface roughness profiles of the Ni layer
electroplated at a current density of (a) 0.1 and
(b) 1.0A/cm? for 30min.
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Fig. 9. Optical micrographs of Ni electroplated coating layer according 1o the current density (0.5, 1.0 and 2.0A

/em?) and electroplating time(5, 10, and 30min).
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Electroplaling

Cathodic Current density(A/cm®)
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Fig. 10. Optical micrographs of Ni coating layer electroplated at a current density of 001 and 0.75A /cm® for
60min.
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Fig. 11. Anodic and cathodic polarization curves of
STP specimens with and without Ni electroplating
measured in 1 N 3.5 wt% NaCl(pH=7.0, 30C, vs
Ag/AgCl).
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Fig. 12. Anodic polarization curves of (a) 250, (b) 400, and (c¢) 600°C tempered specimens with and without
Ni electroplating measured in 1 N 3.5 wt% NaCl(pH = 7.0, 30°C, vs Ag/AgCl).
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o] Rug g olgsted 7 Fa T 0.072] WaEgolA] 103 20mA/cm*e] -F=¢<l
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Table 3. Results of immersion SCC test using U-bend specimen.

i - - [ . R [

. I . Immersion
Specimen I Strain k Time(hr) | Results
meinr
0.030 ‘ 978.0 ‘ no failure
STP 0.047 | 8125 [ no failure
| 0.075 | 800.0 | no failure
250 ! 0.030 | 978.0 ‘ no failure
) J 0.047 } 812.5 | no failure
e re i
mpe 0.075 800.0 no failure
400 | 0.030 w - 978.0 ‘ no failure
) g ‘{ 0.047 812.5 no failure
e (&] b 1
mper ! 0.075 | 800.0 ‘ no failure
600°C ; 0.030 \ 978.5 ‘ no failure
. 4 0.047 ‘ 812.5 i no failure
er (E] ' .
nper ‘ 0.075 | 800.0 | no failure

Table 4. Time to failure(min) measured by hydrogen-induced SCC test using U-bend speci-

men.
RN Strain , N 0.06 ‘ 0.07
\ Current Density (mA /ecm?) ~ : “ |
Tempering Temperature(°C) h 10 1 20 10 l 20

250 110 30 ' — 8.3
400 ‘ 2880° 2280 4320° t 2970
600 2280° 1 2280° | 2880° ? 2880°

* indicate no failure

ceel o4s

o : 1 Al 7
Fig. 13. Optical micrograph of 400°C tempered 4340 ol @A (Fig. 15(a)). o <jAH
steel and Ni coating layer electroplated at a current 478 A #Aelsted wAE Gy A
density of 1A/cm’ for 30min after potentiostatic po- oh zEly AW oo 8RE] % uldko
larization test. This figure is showing a pitting corro-
g & & e 2 o2t 0.8~ 1.0mmoll4 vld FTEL 7}A)
]

AA3 =7 BaEedoh(Fig. 15(b)). =3
Jz,“] Q'JD:‘OEE’_HE'i _r_7}]] HO]-EOI:OE_ EHEJI 1.

He 29 o] FriHm, A% Omm o4 goizl &g we ofedoly
2 Aol AUy Wl A7 A A sz AT ETY st wy
zvol 7+z=glch, (Fig. 15(c)). o] A2} iAo g o &
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Fig. 14. Anodic polarization curves of (a) STP specimen, (b) 250, (c¢) 400, and (d) 600 ‘C tempered speci-
mens with and without Ni electroplating measured in synthetic sea water(pH=8.2, 30, vs Ag/AgCl).

AskeA EDSE olgstel 4% 23, A YEeIM SCC ARstel, F7W 250C 9
o ol AT A Rt A FA% W AW UL FAUAA AT B
Ak Fig 15(a)el 9le @ YARYH de @ Azoldh d4ad wiet o), AL
EDS 437} Fig. 169 2oj% 31 gch. ve wre YAND, YreUs we vy

Fig. 17€ 250C @5=® AHel 006 1 & AA%zet g%z} 298 578 2
FE, 10mA/om’ QZFHFLEE 7hstel SCC 5 ook Aol sba) = wHETS QbAE
AgA SAd ARe) ddez Qe Aze]  ALs) EUSE, AR 49 ofo] 27}
o Fig. 17(a)el 4, dAZ=lsk YAE st #2158 Fae F2 QA6 59
27 F2E F F AW, Fig 17004, vl g Rel, AeHe e Aoy UAsz
THol EAHE d4RNE ¥ 5 Aok Fig o A5e 9% F/b8edo,

=S
182 20mA/cm*e] A7t AHF Uz 9} 0.079 ©
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Fig. 15. SEM fractographs obtained from (a) tension-

ed, (b) neutral, and (¢) compressed regions of the
failed 400 C tempered 4340 steel after hydrogen
-induced SCC test under a cathodic current density of
20mA/cm? and strain of 0.07.
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Fig. 16. EDS results obtained from the grain bound-
ary of the tensioned region in the failed 400°C tem-
pered 4340 stecl after hydrogen-induced SCC test.

Fig. 17. SEM fractographs ohtained from (a) tensicned
and (b) neutral regions in the failed 250°C tem-
pered 4340 steel after hydrogen-induced SCC test
using U-bend specimen under a cathodic current
density of 10mA/cm?® and strain of 0.06.

of. weba wHd emsh 2ohdEe @ 4
4343} SCCol wigt Hg4dol Z7hs ek
2) STP A1#3 250, 400, 600°Ce 4] &3
7

CEIRE DI

EHSL pH=7.0, 30CY 1
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Fig. 18. SEM fractographs obtained from (a) tensioned
and (b) compressed regions in the failed 250°C tem
pered 4340 steel after hydrogen-induced SCC test

under a cathodic current density of 20mA/em® and
strain of 0.07.
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