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Environmental Cracking
Susceptibility of
' High Strength Steels

SUMMARY

Exploratory stress corrosion cracking (SCC) and H: embrittlement cracking (HEC)
test were carried out on high strength steels using an apparatus In which the test

gy, —

specimens are small bent strips held In this configuration under spring loading.
Effects of alloy, electrochemical potential, test solution, pre-cracking, and coating are
examined.

\,

G. J. Biefer
Department of Energy, Mines and Resources A T THE CANADIAN DEPART-

, Cana ment of Energy, Mines and Resources
ISR EMIMN. | OEMR) it secantly heosina Nnvociant
to gain prelimina;y information on the

| probable effect of; certain factors upon
q the stress corrosion cracking (SCC)
and the H. embrittlement -cracking

(HEC)® of 18% Ni maraging steel,

: and the cracking susceptibility of other
4 steels. Because the steels were in short
supply, an Inconel® SCC testing rig

was used, modeled after one used by

MIn this paper the general term ‘‘environmental
cracking’ is used; it includes both SCC and
HEC, which are used only when the cracking
mechanism is known.

@Tradename of the International Nickel Co., New
ork, N.Y.
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APPARATUS USED in the spring loaded bent
strip stress corrosion cracking tests. The
spring loading feature of the rig maintains
tensile stress and ensures that cracking will
proceed to an easily identifiable failure.

Uhlig and Sava,' in which a small strip
of metal is held in a bent configuration
under spring loading. This rig is small,
relatively inexpensive, and can be used
to test specimens in boiling solutions
under reflux. The spring loading fea-
ture of the rig maintains tensile stress
and ensures that cracking- will proceed
to an easily identifiable failure, thus
avoiding a disadvantage of the widely-

.used fixed bend beam SCC test.

Experimental Procedure

Apparatus Used

The SCC test apparatus is shown
above with a specimen in position.
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TABLE 1—-Description of Steels Used in the Environmental Cracking Tests

solution-treated “*A" condltion.

Nominal Yield
Strength After
, . Heat Treatnient,
Steel . Source and As-Received Condition Heat Treatment kpsi
18% Nickel (250 grade) - * Vacuum melt 3960969, Republic Aged 3hrsat - - 250
Maraging : . Stoei Co. 9/16 inch solution- . 482C(900F) . .
annealed plate, ’
Carpenter Custom 455 Heat 81643, Carpenter Stecl Aged 4 hrs at 250
Stalnless Co, 0,050 inch thick nnnenlcd 510C (950 )
' shoet c . .
HP 9-4-25 Vacuum-melt from Republic Steel - None - 190
Co, 3/4 inch thick quenched B :
. and tempezed plate, Tempering .-
. - temperature, $38 C (1000 F) ’ . .
AlSi Type 4340 " Heat 3321713, Republic Steel * Austenitized ] 180
S Co, 5/8 inch anncaled rod, 15 min, at .o
“Alrcraft Quality." . 843 C (1550 F),
. oll quenched,
then fempered
R ferone hrat |
. - 454C(850F) ] ,
Armco 17/4 FH Heat 64190-2C, G.0. Carlson Aged 4 hrsat - - 150
Staintess - Inc, t/2 Inch plate in the 538 C (1000 F)

to produce the
"H1000" condition.

Specimen size was 1% inches by % inch
* by 0.040 inch thick. Before testing spec-
imen surfaces were lightly abraded on
. 120-grit silicon carbide. to remove sgur-

" face. oxide and. provide a uniform. sur-

face. Thorough washing, degreasing
and rapid drying in hot air followed.

The specimens were then bent to a-

chord length of 1%7/16 inches (without
allowing spring-back) and held in this
configuration between the ceramic jaws
of the SCC rig by a spring under com-
pression. This bending produced stres-
ses in the plastic region, In tests, the

“solution. The golution. had the composu-'

liter of cathodic poxson composed of 2 g .

phosphorus dlssolved in 40 ml C8,’ (see
reference 2).

3. Boﬂmg calclum ammonium . nitrate

tion,
' 860 g.Ca(NOs). 4HzO
- 30 g NH.NO;
110 ml H.O -

and was similar to that used by Uhlig :

‘and Sava.

commencement of cracking caused a

movement of the upper jaw, deactivat-
ing a timer.

" In tests in whieh specimens were

electrically polarized, a steel wire was

spot welded to the lower end of the

specimen, using low heat input. The
wire and adjacent specimen surfaces
were then coated with paraffin wax be-
fore immersion in the test solution. The
auxiliary electrode in the. polarization
tests was platinum.

Test Solutions g

The following test solutions were em-
ployed:
1. Normal sulfurie acld at room tem-
perature.

2. As in (1), but contammg 5 drops per

4, 3.56% . sodium chloride solutxon at_

room temperature.

Materials

Information regarding types-of steel
used, including heat treatments em-
ployed, nominal yield stréngths, and
chemistry are in Tables 1 and 2. Small
strip specimens were always cut so
their lengths lay in the rolling direc-
tion, In all eases, the heat treatments
of Table 1 were carried out on the
metals in final specimen form.

Test _Résults

In 3.5%, Sodlum Chlorlde

The behavior of the steels in short-
term tests. in 8.6% sodium chloride
golution is shown in Table 8, which pro-
vides data for the unpolarized steels

TABLE 2.—Ch’emical Analysis of the Steels

and also for the steels with impressed
cathodic currents, In ‘the unpolarized
condition [for 18% Ni maraging steel,
at a potential of —430 to —610 mv with
respect to -the sgaturated calomel elec-
trode (SCE)] all the steels survived
for.a week without cracking. However,

‘with a cathodic current .of 1 ma/em,

which yielded a potentml of about
~1200 mv for maraging steel, the two
steels with the highest streng'ths broke
quite readily by HEC; of the three
lower-strength steels, only the AISI
4340 showed a single break. -

. “Tor.-the maraging steel, two addi- =~
tional lower cathodic current densities
~were investigated. At 0.056 ma/em,* po-
" tentials showed a tendency to slow drift
“within the range --920 to —1010 mv,

"~ whereas the lowest cathodic current - .

density of 0,003 ma/em? did not provide -

cathodic protection, and potential mea- .

. surements were not made. In both

cases, breaks were not produced within
one week,

For the maraging steel, a series of -

longer-term tests was also carried out
on unpolarized specimens and on speci-
mens coupled galvanically to each of
Inconel 718 (—400 to —580 mv), 5088

aluminum alloy (—770.to —810 mv). A

and zin¢' (—1020 ‘to —1080 mv). In
these tests, none of the specimens had

broken after 1000 hours, and the SCE
“potentials lay within the ranges indi-
" cated. These results, and those of Table

8, are shown in Figure 1 (page 26).

B Tests In Aggréssfvo Solutlons

In addition to these tests, specimens
of the five steels were exposed to three
highly aggressive test solutions. Results

are shown .in Table 4. In sulfuric acid, .
.two of the steels were resistant; how-
‘ever,

in “poisoned” sulfuric acld all
the steels broke. Without exception, no
specimen survived more than 5.4 hours.

‘The two stainless steels did not crack

in the boiling nitrate solution, (as has

‘been shown previously®), but the other

three steels did.

Pre-cracked Spedmens"

Tests on-smooth specimens in 3.5%
NaCl solution had shown that marag-
ing steel would crack readily by HEC
if polarized to a potential of about

Steel C Mn St S P - Cu Co Cr Mo Ni Others
18% Maraging(®) 0019 - 010 0.10 0.004 0,008 - 725 | - 4.86 17.83 Ti, 0.38; Al 0.09
Carpenter Cuz gm <0.03 <0.50 '<0.50 - - 13 C - 1113 - 7-10 Ti, 0.9 -1.4; Cb+Ta,
455 Stainlfsg R 0.25-0.50; B, <0.005
HP 9-4-2503 027 0.21 0.02 0.014 0005 - 3.86 039 . 051 948 v, 008
ATSI Type 4340(1) 0.415 0.75 030 0.010 0011 - 0.70 0.25 1.80 -
17/4 PH Stainless® . 0.039 0.20 0.58 -0.008 0.017 3.49 - 591 - - — 4.28 Cb. 0.20; T2, 0.02

? ;Supplled by Republic Steel Co.
NomlInal Analysis supplled by Carpenter Steet Co.

Analysls at the Department of Energy, Mines & Resources,

(supptied by G. 0. Carlsen, tnc.
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—1200 mv, SCE. However, because
there had been no breaks, resistance to
environmental cracking appeared inde-
pendent of potential from —400 to
—1030 mv. It was decided, therefore, to
carry out additional tests in this poten-
tial range on maraging steel specimens
which had been pre-cracked; this was
expected to reduce the time-to-failure
markedly and thus permit some assess-
ment of the effect of potential.

Specimens were to be pre-cracked
chemically, Of the aggressive solutions
investigated, the “poisoned” sulfurie
acid appeared most suitable. The fol-
lowing procedure was adopted: a stan-
dard bent specimen was immersed in
the “poisoned” sulfuric acid solution.
Upon initial cracking (signalled by an
alarm) the specimen was immediately
removed from solution, rinsed in nor-
mal sulfuric acid, then salt solution,
and finally immersed in 3.5% NaCl so-
lution, with or without galvanic cou-
pling. The time to recommencement of
cracking was then measured.. Results
are, shown in Figure 1, While it was
not certain that all the “poison” had
been washed from the pre-cracked, re-
sults of Figure 1, (controlling effect of
potential, extended times-to-failure in
some cases), indicated that the effect of
such residuals had been secondary.

Pre-cracking caused a large decrease
in the time-to-failure and also vevealed
a distinet effect of potential. About
—800 mv was apparently optimum for
resistance to environmental cracking
(though scatter was evident), In con-
trast to vesults obtained on smooth
specimens, coupling to zine, at a poten-
tial of about —1020 mv SCE, was ex-
tremely detrimental for pre-cracked
specimens, vesulting in very low times-
to-failure by HEC. It is of interest that
these trends are in line with those ob-
tained at the US Naval Research Lab-
oratory, using the much more sophisti-
cated and quantitative cantilever stress
corrosion test, in which the specimens
are notched bars, pre-cracked in the
notch by fatiguing.! Previous to this,
Dean and Copson had reported that
maraging steel was susceptible to HEC

TABLE 4—Environmental Cracking of High-Strength Steels in Various Aggressive Solutions

In Calcium Ammonium

In Normal Sulphuric
Nominal Yicld In Normal Sulphuric Acid plus poison, Nitrate Solution
Steel Strength, kpsi Acid at R.T. atR.T. at the Boil
18% Nickel (250) 250 0.8 0.8 9.8
Maraging 0.8 10.2
Carpenter 250 0.3 0.1 Unbroken after 199 hr
Custom 455 0.2 Unbroken after 93 hr
HP 94-25 190 Unbroken after 08 2.7
4.0 hr 0.7 3.0
AISI Type 4340 180 0.1 0.1 0.9
0.1 0.2
17/4 PH 150 Unbroken after 3.1 Unbroken after 90 hr
Stainless 24 hr 0.6 Unbroken after 93 hr
5.4

when polarized to too negative a poten-
tial;® this, too, corresponded with re-
sults of Figure 1.

Not all high-strength steels could
have been suitably pre-cracked by the
solution used. Of the five steels tested,
the AIST 4340 and the HP 9-4-25 steels
would have been unsuitable since once
the cracking started, it proceeded al-
most immediately to complete failure
(the specimen breaking in two) in the
“poisoned” sulfuric acid. The Carpen-
ter Custom 455 and the 17/4 PH steels
cracked in stages, so that chemically
pre-cracked specimens could have been
prepared and tested.

Gold Plated Specimens

Other work at the Canadian DEMR®
had indicated that a very thin gold
plating can serve as a barrier to the
passage of embrittling hydrogen
through steel. To obtain data on the
probable behavior of such plating in
the presence of an aqueous corrodent,
it was decided to carry out environ-
mental cracking tests on some gold
plated maraging steel specimens in
3.5% NaCl solution.

It appeared that gold can polarize
the steel (at defects in the plating) in
the positive direction, leading to in-
creased susceptibility to SCC, This is
indicated by the rvesults of Table 5,
(page 26) which showed rapid failures
in 8 out of 7 cases. Clearly, it could
be dangerous to allow a corrosive liquid
to come in contact with an imperfectly

gold plated erack-susceptible steel
under tensile stress.

Neoprene Couated Specimens

In an attempt to verify statements
that neoprene coatings were permeable
to water and/or ions™®, environmental
cracking tests were carried out on bent
strips of neoprene coated (0.020 inch
thick) maraging steel. Specimens with
both damaged and undamaged coatings
were immersed in 3.5% NaCl solution.
After times ranging from 1574 to 1878
hours the specimens began to crack,
performance for specimens with ini-
tially damaged and undamaged coat-
ings being about equivalent (Table 5).

Post test examinations indicated
some loss of coating adhesion and
cracking. Specimens with coatings
which had been deliberately slashed did
not crack at the point of damage, but
did crack under whole neoprene at some
other location. Results, therefore, pro-
vided additional evidence that neoprene
coatings may not provide reliable long-
term protection for steels immersed in
neutral salt solutions (e.g. sea water).

Conclusions

In terms of original objectives and
expectations, results obtained with the
spring-loaded bent strip apparatus
were highly satisfactory. This simple
and inexpensive method which makes
minimum demands on laboratory space
and test material, provided excellent
preliminary information on the envi-
ronmental cracking susceptibility of
high-strength steels, including the ef-
fects of such factors as alloy composi-
tion, potential, test solution, pre-crack-

TABLE 3—Environmental Cracking Tests in 3.5% NaCl Solution at Room Temperature

Steel Imp { Cathodi Approximate Total No., No. of Specimens
{plus Nominal Curxent Density, Potential, of Breaking within Time-te
Yicld Strength) mA/cm2 (S.C.E)), mV Specimens one week -Break, hr
18% Ni Maraging (250 kpsi) None -430 to -610 6 0
0.003 - 3 0
0.05 -920 to-1010 6 0
1.0 -1190 to -1210 8 7
0.2,0.3, 0.5, 5-68,
6.5-22, 23.7, 107
Carpenter Custom 455 None - 3 0
Staintess (250 kpsi) 1.0 - 3 3 0.1, 0.1, 0.5
HP 9-4-25 (190 kpsi) None - 3 0
1.0 - 3 0
AISI Type 4340 (180 kpsi) None - 3 [}
1.0 - 3 1 59.2
17/4 PH Stainless (150 kpsi) None - 3 0
1.0 - 3 0

November, 1968
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TABLE 5—Environmental Cracking
Tests on Coated Specimens of 18%
Nickel Maragi Steel in 3.5%

ing, and coating. It is surprising that T
this type of SCC test apparatus is not

more widely used and mention of it is
often omitted in reviews which are NaCl Solution.
otherwise comprehensive.’ e et =
Gold
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G. J. Biefer and J. G. Garrison Canadian Dept. of Energy, Mines, and Resources, Ottawa, Ontario, Canada

Comparison of U and Mo in Improving the

Corrosion Resisfahce of AISI 430 Stainless Steel

IS URANIUM EQUAL to or better
than molybdenum as a means of im-
proving corrosion resistance of AISI
Type 430 stainless steel? Laboratory
tests in several different corrosive solu-
tions indicate that in ferritic AISI Type
430 stainless steel, alloying additions
of 0.24% and 0.66% U resulted in im-
provements in corrosion vesistance.
However, somewhat greater improve-
ments generally occurred with additions
of 1.02% and 2.03% Mo.

Unlike the situation with the well-
known austenitic and martensitic stain-
less steel types, there has been com-
paratively little published on ferritic
stainless steels (AISI Types 405, 430
and 446) with respect to their corrosion
resistance, particularly in controlled
laboratory tests. Reports show that 1%
Mo in Type 430 (termed Type 434) has
better corrosion resistance than straight
Type 430 in car trim and that Mo ad-
ditions have also brought about im-
proved corrosion resistance for ferritic

SUMMARY
A comparison of molybdenum and
wraniwm as ¢ means of tmproving cor-
rosion resistance of ferritic AISI Type
430 stainless steel is shown by labora-
tory tests.

stainless steels in other service applica-
tions."* Conversely, it has been stated
that the beneficial effects of molybde-
num observed in austenitic stainless
steels do not extend to the nickel-free
ferritic stainless steels.!

The laboratory tests to determine
whether uranium additions to AISI
Type 430 ferritic stainless steels in the
optimum range of about 0.25-0.5% were
competitive with additions of molyb-
denum to the same steel type are de-
scribed as follows®*®

Testing
Procedure
Five steels (compositions shown in

TABLE 1—Chemical Analyses of Steels

PERCENTAGES
STEEL
NO. C Mn Si S P Cr U Mo
5555 0.13 114 0.96 0.019 0.020 17.29 - -
5556 0.14 1.10 0.93 0.017 0.018 17.29 0.24 -
5557 0.12 1.10 0.91 0.021 0.021 16,95 0.55 -
5801 0.11 .14 1.02 0.020 0.017 i 17.64 - 1.03
5802 0.10 1.12 1.03 0.019 0.018 i 17.55 - 2.03

TABLE 2—Corrosion in Successive 48-Hr Periods in Boiling 65% Nitric Acid (Huey Test)

_ WEIGHT LOSSES, MG/CM2

STEEL TOTAL,

NO. {#% U [% Mo| 1ST PERIOD 2ND PERYOD 3RD PERIDD 4TH PERIOD S5TH PERIOO | 5 PERIDDS
5555 - -~ | 5.9, 5.8 6.4, 6.2 6.7, 6.6 7.6, 7.0 7.8, 7.6 |34.4,33.2
5556(0. 28| - 6.3, 6.2] 7.2, 7.4 7.3, 7.0 8.3, 7.6 8.7, 7.7(37.8,35.9
5557]10.55| - 6.1, 6.0 6.7, 7.1 7.7, 8.2 9.1,:9.8 11.2, 11.5 | 40,.8,42.6
5801| - l.o2| 5.1, s5.2{ 7.1, 7.2 7.9, 8.9 9.0,10.2 8.9, 10.5]38.0,42.0
5802 2.03|112.9,125.2| - - - - - -

January 1968

Table 1) were prepared as 50-lb alumi-
num-deoxidized melts in an induction
furnace. After forging and rolling to
Y4 -inch plate, the steels were heat-
treated for four hours at 1450 F (790 C)
then furnace cooled. The corrosion tests
were conducted with flat specimens
which had been given standardized sur-
face pretreatment. (Conventional ex-
perimental techniques used are de-
scribed elsewhere.)’

Results

The tests were conducted in normal
solutions of sulfuric acid, hydrochloric
acid, and ferric chloride at 76 F (24 C),
122 F (60 C), and 158 F (70 C). Fig-
ures 1-8 show the weight losses in the
specimens; every point of these figures
is an average of two or three replicates.

The Huey test, conducted in 65%
boiling nitric acid, resulted in specimen
weight losses in five successive 48-hr
exposures. The results are presented in
Table 2. Weight losses and surface ap-
pearances observed after creviced speci-
mens of the five steels had been exposed
to a 8% sodium chloride solution at
122 F (60 C) for one week (previous
work had shown that crevice corrosion
attack is slow at room temperature)
are given in Table 3.

The laboratory tests demonstrated
that in AISI Type 430 ferritic stainless
steels uranium and molybdenum addi-
tions are both capable of producing
improved corrosion resistance in aque-
ous media. Improvements imparted by
the Mo additions were somewhat greater
than those resulting from the U addi-
tions though highexr levels of Mo were
necessary. An interesting exception to
this was observed in tests in ferric
chloride at the two higher temperatures
where uraniumm was of some benefit and
molybdenum was ineffective,

In conclusion, molybdenum is gener-
ally more effective in improving corro-
sion resistance of AISI Type 430 stain-
less steel than uranium.
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TABLE 3—Crevice Corrosion in Oxygenated 3% Sodium Chloride Solution at 122 F (50 C)

WEIGHT CHANGES
AFTER 7 DAYS, APPEARANCE OF SPECIMEN SURFACES
STEEL %U % Mo mg/ AFTER TEST
NO.

5555 - -2.4, -2.5, -2.4 Dark staining and many pits on oll
crevice surfaces.

5556 0.24 - -0.3, ~-0.3, -0.3 Slight staining and slight pitting
on all crevice surfaces.

5557 0.55 - -0.2, +0.]1, -0.4 Slight staining and slight pitting

5 on all crevice surfaces.

5801 - 1.02 +0.1, 0.1, © 3 out of 6 crevice surfaces essen-
tially unattacked, slight attack
on remainder.

5802 - 2.03 +0.1, 40.1, -0.1 5 out of 6 crevice surfaces
essentially unattacked, slight
attack on ope.
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Figure 1—Corrosion of uranium and molybdenum bearing AISI Type 430 stainless steels in
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