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ABSTRACT

The materials currently available for use as fasteners in marine
applications are reviewed and found to be alloys based on iron,
nickel, titanium, aluminium and copper. All of these alloys
interact with hydrogen both from gaseous and electrochemical
sources and some exhibit hydrogen embrittlement. Factors such as
the hydrogen solubility and hydrogen diffusion characteristics
generally play a role in the susceptibility of the materials to
this phenomenon. A comparison of the nickel alloy MONEL K-500%*
and the cupronickel alloy MARINEL*, which have similar mechanical
properties, was carried out under cathodic charging conditions
without the presence of stress. Loss of mechanical properties in
the form of hydrogen embrittlement was found in the case of MONEL
K-500. The cause of this was most likely due to the higher
solubility of hydrogen in MONEL K-500 and its higher degree of

hydrogen trapping.

* The products MARINEL and MONEL are both registered trade
marks: MARINEL of Langley Alloys Limited and MONEL of Interna-

tional Nickel, Huntingdon Alloy Products.




INTRODUCTION

The fastener materials used by the offshore oil and gas indus-
tries are selected both for their strength characteristics and
corrosion properties. Historically, the mechanical properties of
particular materials have been the first consideration in their
selection and corrosion resistance has often been of secondary
importance - this was certainly the case in the first reported
fastener failure, which occurred through galvanic corrosion of

iron nails fastening copper hull sheathing on HMS Alarm in 1761.

Reviews of the fastener alloys in common use for marine applica-
tions have been published [1-4] and Tables 1-3 seek to update
this information with regard to the alloys currently available,
and give mechanical properties and general corrosion resistance.
The general alloy types are based on iron, nickel, copper, tita-
nium and aluminium and use of each type is according to the
particular mechanical property requirements of the application,
coupled with the degree of corrosiveness of the service environ-
ments. The severity of the latter will increase in the order of

marine atmosphere, splash zone, tidal zone, full immersion zone

and mud zone.

As well as the consideration of general corrosion attack during
service, it is now generally accepted that many engineering
materials suffer a reduction in their mechanical properties
through interaction with hydrogen [5-7]. Also, it has become
apparent that metal/hydrogen reactions can take several forms

[8]. These include the formation of internal hydrides within the



metal (e.g. zirconium, titanium, uranium) the formation of com-
pounds of hydrogen with impurities in the material (e.g. copper,
steel during melting), or the retention of hydrogen at internal
discontinuities within the structure (steel, nickel alloys) [9].
These effects can be exhibited both when the hydrogen involved in
the reaction is in the gaseous form, or when it is produced by a
cathodic corrosion reaction. Many stress-corrosion cracking
mechanisms are dependent on the presence of electrochemically-

generated hydrogen [10-11].

The entry of hydrogen into a metal can be purely diffusion-
controlled, or can be assisted by dislocation transport [9, 12]
and the latter effect has been experimentally demonstrated by the
measurement of hydrogen permeation rates through nickel whilst it
is undergoing plastic deformation [13]). Dislocation sweep-in of
hydrogen from the surface in the case of several different metals
has been found to be consistent with the calculated energy of
activation of hydrogen-induced cracking [14]. During hydrogen
transport, the hydrogen can be deposited at various 'trap-sites’
or internal discontinuities such as grain boundaries or precipi-
tates [9, 15]. These can take the form of 'reversible' traps
which the hydrogen can subsequently leave, or 'irreversible'
traps, which the hydrogen cannot leave and which tend to encour-
age local fracture through a lowering of the surface energy of
the material [7]. The effectiveness of the traps in promoting
hydrogen embrittlement is related to the degree of strengthening
present in the material matrix, as it is well established that
materials in a higher strength state (i.e. cold worked or age

hardened) are more susceptible to hydrogen embrittlement than the




same materials in a lower strength condition [7, 16]. Thus,
measurement of both the hydrogen entry kinetics of a metal (or
alloy) and the ability of the metal to trap hydrogen would give
an indication of its hydrogen embrittlement susceptibility [17].
Overall solubility of hydrogen does have an influence on hydrogen
embrittlement characteristics, as iron, nickel and titanium have
relatively high hydrogen solubilities (>1 cc/cc) and these mate-
rials are more hydrogen embrittlement susceptible than aluminium
and copper alloys, whose hydrogen solubilities are generally less
than 0.1 cc/cc. The hydrogen diffusion coefficients of steel and
titanium are greater than 1076 cn? s '1, whereas the hydrogen
diffusion coefficients of nickel, aluminium and copper alloys are
approximately 10710 ¢p? -1 although this does not take into

!

account dislocation transport or grain boundary diffusion.

Two alloys which are interesting to compare are the age hardening
nickel-copper alloy MONELT™ k-500 and age hardening cupronickel
alloy MARINELTM, which have similar mechanical properties [18],
and hydrogen diffusion characteristics [19]. A study was thus
made of the performance of these alloys after potentiostatic
charging with hydrogen, in order to determine their comparative
susceptibility to hydrogen embrittlement. No tensile loading was
applied during hydrogen charging to eliminate the influence of
stress on hydrogen transport (through dislocation transport) and
to enable the data to be compared with that of Pound [20, 21],
who has measured the hydrogen trapping characteristics of these

alloys using electrochemical techniques.



EXPERIMENTAL
The experimental method was designed to compare the mechanical
properties and fracture behaviour of samples of MARINEL and MONEL
K-500 (both in the aged condition), which had been cathodically
charged with hydrogen. The compositions of the alloys used was
as follows (int. %)

Ni Cu Fe Mn Si Cc
MARINEL 19.0 REM 1.21 4.46 0.05 -

MONEL K-500 REM 33.0 0.80 0.66 0.08 0.13

Co Al Ti Cr Nb
MARINEL - 1.82 - 0.43 0.71

MONEL K-500 0.01 2.93 0.46 - -

Each alloy was received in the form of rolled bar which had been
age hardened by heat treatment and tensile test pileces 60mm long
were machined from them. One of each of these was immersed in 3%
sodium chloride at room temperature and polarised at -1050mV vs
SCE for 35 days. At the end of that time, these test pieces were
mechanically tested together with comparative test pieces which
had not been hydrogen charged. After fracture, the fracture

faces were observed using optical and scanning electron microsco-

pY.

RESULTS

The results of the mechanical tests of as-received and cathodi-
cally-charged materials are given in Table 4. It is apparent
that no effect of hydrogen charging on the strength or ductility

could be seen in the case of MARINEL, whereas MONEL K-500 suf-




fered a 25% deterioration in reduction of cross-sectional area
and a 10% loss of ductility. The MARINEL exhibited a perfectly
ductile cup-and-cone fracture, whereas the MONEL K-500 showed a
very uneven fracture surface. Observation of the latter on a
scanning electron microscope (SEM) showed there to be a brittle
ring in the outer 150/um of the fracture surface, which is exhib-
ited in Figure 1. Figure 2 shows that the fractography is large-
ly transgranular quasi-cleavage, which is fairly typical of

hydrogen embrittlement in a number of materials [2].

DISCUSSION

The results agree with previous slow strain rate tests (SSRT)
carried out on the two material during cathodic polarisation
[18], which have shown that MARINEL is unaffected by hydrogen
charging, whereas MONEL K-500 undergoes a 45% fall in the cross-
sectional fracture area during SSRT. The use of unstressed
specimens during the current work produced a lower fall of reduc-
tion of area (25%) than that observed by SSRT, thus this probably
shows that hydrogen transport via dislocations has an influence

during the course of slow strain rate testing.

Measurement of the depth of embrittlement shows that it extends
down to approximately 150 um from the surface. This depth can be

used as x in the diffusion equation formula

x = 4 Dt



where x is diffusion depth, D is the diffusion coefficient and t

2 -1,

is time. A value of D can be calculated as 4.6 x 10714 cm
which is two orders of magnitude higher than the value of hydro-
gen diffusion in nickel alloys [13]. If the embrittlement were
entirely caused by lattice hydrogen, the calculated value of D
should be approx. 10710 cp2 g-1 a5 previous experimental work has
yielded the diffusion data shown graphically in Figure 3. Thus
it would seem that the hydrogen becomes effective at a slower
rate than the diffusion rate and may have to built to a critical
concentration or interact with the material in some way in order
to effect embrittlement. This suggests the operation of irre-
versible hydrogen traps, which retain the hydrogen and cause

brittle fracture to occur.

Recent work by Pound et al [21] has enabled a mathematical analy-
sis of the lattice diffusion and trapping of hydrogen in both
MONEL K-500 and MARINEL to be carried out. This analysis involves
a model which has been used to evaluate the hydrogen ingress
kinetics of MONEL K-500 and MARINEL under electrochemical hydro-
gen charging conditions. Under such conditions, with the
approximation that the rate of hydrogen ingress in an alloy is
controlled by diffusion, whereas the entry flux cross the inter-
face is restricted, it can be calculated that the irreversible
hydrogen trapping ability of MARINEL is approximately 40 times
lower than that of MONEL K-500 [19, 21 ]. This would mean that
hydrogen would be much more present within MONEL K-500 in a form

which would encourage the initiation of cracks.

This extra degree of hydrogen trapping in MONEL K-500 could be




explained in that this alloy undergoes a more massive ageing
reaction than MARINEL. If it is assumed that about 1% of
aluminium remains in solution after ageing of both MONEL K-500
and MARINEL and that the precipitate in both alloys is of the
type Nis {Al, Ti, Nb) , then the volume of precipitate in MONEL
K-500 can be calculated to be approximately 2.5 times higher
than that in aged MARINEL. Thus there would probably be a much
greater opportunity for hydrogen to become irreversibly trapped
at the matrix/precipitate interfaces in the case of MONEL K-

500, resulting in a susceptibility to hydrogen embrittlement.

Also, measurement of hydrogen solubilities in MONEL K-500 and
MARINEL have been carried out [19] and these indicate that the
hydrogen solubility of MONEL K-500 is approximately twice the
hydrogen solubility of MARINEL. Thus, there will be
approximately double the quantity of hydrogen per unit volume
in hydrogen saturated MONEL K-500, which would increase the
possibility of hydrogen affecting the mechanical properties of

this alloy.
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ALIQY

410
416/416 Se
B7, 4140
I'm

347

304
303/303 Se

430

TARLE 1

BOLTTNG MATFRTALS WITH IOW CORROSION RESISTANCE

GENERAL COMPOSITION YIEID
STRENGTH
(STEELS) (MPa)
12 Cr 827
13 Cr/0.15 S or Se 827
1Cr-0.2M 689
1Cr-1Mn- 0.2 M 550
1§ Cr - 11 Ni - 0.8 Nb 206
19 Cr - 9 Ni 206
18 Cr - 9 Ni/0.15 S or Se 206

16 Cr

241

TENSILE

1206
1206
861
690
517
517
517

482



ALIQY

¥-750

718

A286 Gr 665
17-4 FH
NITRONIC' 60
660

316, BsM
317 IM

7075

2024

6061

+ TRADE NAME

TABLE 2

BOLTING MATERIALS WITH MEDIUM CORROSION RESISTANCE

GENERAL COMPOSITION

Ni

Ni

Fe

Fe

Fe

Fe

Fe

Fe

Al

Al

Al

15 Cr - 7 Fe - 2.5 Ti

19Cr - 18 Fe - 3 Mo - 1 Ti

26 Ni - 14Cr-1.8M - 3Ti

16.5 Cr - 4 Ni - 3.5Cu- 0.3 Nb
17Cr - 8.5Ni - 8M - 4 Si - 0.1IN
255 Ni - 14.7Cr - 1.2M - 2.1 Ti
17 Cr - 12 Ni - 2.5 Mo

17Cr - 13 Ni - 4.3 M - 0.1 N

5.6 Zn - 2.5 Mg - 1.8 Cu

4 Cu—-1.5Mg

1 Mg - 0.2 Cu- 0.685i

YIEID
STRENGTH
(MPa)
841
792
841
724
772
585
206
285
345
248

214

TENSILE

1220

1170

1220

1034

965

896

517

580

468

434

310



ATIOY

MP35N

MONEL" K-500
MONEL, 400
INCONEL" 625
INCOLOY* 825
INCOLOY" 925
SANICRO' 28
904L

2545M0*

FERRALIUM SD40

ZERON- 100
SANDVIK* 2507
MARINEL

Al Bronze
Si Bronze

Ti Gr 1

Ti Gr 5

Copper

* TRADE NAME

TABIE 3

BALTING MATFRIALS WITH HTIGH CORROSION RESISTANCE

GENERAL COMPOSITION

Ni
Ni
Ni
Ni
Ni
Ni
Fe
Fe
Fe
Fe
Fe
Fe
Cu
Cu

Cu

99.

Ti

99.

- 3% Co-20Cr - 10 Mo
-30Cu-3Al -2Fe-1858i-1Ti
-32Cu-25F-2M

- 22Cr- 9 Mo -4 Nb- 3Fe

- 30Fe-22C-3M-2C-1Ti

- 27Fe -21Cr-3M -2Ti-0.3Al
-27Cr - 31 Ni - 3.5M - 1Cu
-21Cr-25Ni -45M-1.5Cu

- 20Cr ~18Ni - 6 M~ 0.7 Cu
-25Cr-6Ni-3M-2Cu-0.2N
-25Cr-7Ni -3M-07Cu-0.2N
-25Cr - 7Nl -4M>-0.5Cu~-0.3N
- 18 Ni - 5Mn + Al, Fe, Cr, Nb

- 74l - 2.2 Fe

-1.5Zn - 1.8 Si

9 Ti

- 6Al -4V -0.2 Fe

9 Cu

YIELD
STRENGTH
(MPa)
1585
592
206
710
230
770
215
193
303
550
550
550
700
241
276
2086
862

69

TENSILE
(MPa)
1792
1068
689
1150
580
1210
505
490
655
760
750
800
870
641
503
358
1034

276



TABLE 4

MEG]ANICALB?OPEKEIESOFMTERIALSBEFUREAM)AFEERHYDIWENCW\RGDG

MATERIAL

MONEL K-500 A.R.

H - CHARGED

MARINEL A.R.

H - CHARGED

UTS
(N/mr? )

§87

977

979

979

0.2% PROOF STRESS  ELONGATION

(N/mm? )

727

715

759

757

(%)

25

22

19

21

REDUCTION OF
AREA (%)

44
32

35

40



1 - SCANNING ELECTRON MICROGRAPH OF THE FRACTURE
SURFACTE OF MONEL K-3500 WHICH HAD EEEN CATHCDICALLY
CHARGED WITH HYDROGEN FOR 35 DAYS

FIGURE 2 SCANNING ELECTRON MICROGRAPH OF PART OF THE OUTER
BRITTLE RIM OF FRACTURE ON MONEL K-500 WHICH HAD
BEEN CATHCDICALLY CHARGED WITH HYDROGEN FOR 35 DAVS
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FIGURE 3 Diffusivity of Hydrogen in





