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‘The microstructure of a high-strength cupronickel alloy has been analysed using a
variety of techniques, and the main strengthening phase is identified as an ordered
phase with L1, structure, based on Ni;Al. This phase is coherent with the

copper-based matrix, and has a constrained misfit of —0-68%.

. as measured by

X-ray diffraction techniques. The implications of these findings are discussed.
Copyright © 1996 Elsevier Science Limited.
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at ambient temperature.

1 INTRODUCTION

Marinel* is a high-strength wrought cupronickel
alloy, which has excellent resistance to all forms
of seawater corrosion. It was designed particularly
for critical applications in seawater environments.,
and is used principally for subsea fasteners in the
offshore oil and gas industries, where total relia-
bility 1s of great importance.

Marinel was developed from a cupronickel base
since this has good inherent corrosion resistance.
The additional strength required for a bolting
material was achieved by the addition of various ele-
ments, as shown i Table 1. The result is an age-hard-
ening alloy, which gains its maximum strength by a
short heat treatment after hot forging. The room-
temperature mechanical properties are shown in
Table 2. The strength is similar to that of B7 steel,
which is commonly used for high-strength bolting
in less corrosive environments.

Marinel has undergone detailed mechanical and
corrosion testing,' but relatively little is known about
the specific influence of each alloying addition on
the microstructure. The aim of the present work,
which is part of a large alloy development
programme, is to investigate the microstructure of
Marinel in detail, using a variety of techniques,

*Marinel is a registered trade mark of Langley Alloys Ltd.
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and relate these observations to the mechanical
properties.

2 EXPERIMENTAL

All samples for analysis were taken from the commer-
cially available alloy in the form of 127 mm diameter
rod, produced by forging a 15 cm diameter ingot
to an intermediate size and then hot-rolling. The rod
had undergone a subsequent heat treatment at 350°C.
Microstructures were examined by optical micro-
scopy and transmission electron microscopy (TEM).

Optical microstructures were revealed by etching
in acid ferric chloride comprising 5 g ferric chloride,
10 ml hydrochloric acid and 100 ml water. Thin
foils for TEM studies were thinned using a twin-jet
electropolisher operating at roughly 15 V and 0-1 A.
The electrolyte, 20% nitric acid in methanol, was
held at -25°C.

TEM was carried out using a Philips CM20
analytical electron microscope interfaced with an
Oxford Instruments QX2000 Energy Dispersive X-ray
Analysis (EDX) analytical system. Errors quoted in
microanalysis arise from the uncertainty in the
effective thickness of the sample, from the varia-
tion in composition between measurements, and
from the uncertainty in the measurement of X-ray
intensity. Other errors arise from the small amounts
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of other phases which are unavoidably analysed. as
will be discussed later.

A Leitz Miniload microhardness indenter was used
for hardness testing. A 300 g load gave indents
typically 40-60 microns across the corners.

A Picker high-precision powder diffractometer was
used for X-ray diffraction (XRD), operating at 55 kV
and 40 mA with a copper target.

Table 1. Nominal composition of Marinel

Cu Ni Mn Al Fe Nb Cr Si

Weight% 723 190 45 18 12 07 04 0Ol

Table 2. Room temperature mechanical properties of Marinel

0-2% Proof strength (MPa) 750
Tensile strength (MPa) 930
Elongation to fracture (%) 18
Izod impact strength (J) 27

Fig. 1. Typical optical micrograph of forged and heat-treated

Marinel, taken in cross-section through a 12-7 mm diameter rod.

The larger precipitates, showing bright contrast, can be seen
to be dispersed throughout the matrix.
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Fig. 2. X-ray diffraction data showing strong reflections corre-
sponding to an fcc matrix of lattice parameter 361-777 pm.

3 RESULTS AND DISCUSSION

Figure 1 shows an optical micrograph of a polished
and etched cross-section of Marinel. Precipitates can
be seen as the micron-sized regions of lighter contrast,
dispersed throughout the matrix. Figure 2 shows the
XRD spectrum of Marinel. Five strong reflections
are visible between 26 = 20° and 100°, which are
indexed as a face-centred-cubic (fcc) structure, of
lattice parameter 361-777 * 0-014 pm. These data
correspond well to a copper-based matrix.

TEM observation of Marinel reveals the micron-
scale precipitates shown in Fig. 1. These have both
equiaxed and elongated morphologies, as shown in
Fig. 3. The majority of these precipitates have been
identified as the epsilon phase,” previously seen in
Incoloy Alloy 909.% Table 3 shows the composition
of this phase. It can be seen that they are enriched
with Ni, Nb, Si, Fe and Cr with respect to the matrix
composition. Al, Mn and Cu may be present at low
concentration, but interference from the matrix may
wholly account for their presence in the precipitate
spectra. Other micron-scale precipitates have been
identified as Nb, Ni;Nb and Ni (Nb,Si;, all of which
occur rarely in Marinel.

3.1 Identification of nanometre-scale precipitates

Under different imaging conditions, a fine dispersion
of precipitates can be seen, as shown in Fig. 4. They
have a morphology intermediate between spherical
and cuboidal, typically with rounded cube corners,
and are roughlv 15 nm in diameter. Precipitation
appears homogenous throughout the alloy. with no
sign of depletion at grain boundaries or near € pre-
cipitates. These nanometre-scale precipitates were
found to be soluble in the matrix by holding at 900°C
for two hours, followed by an ice-water quench.
Figure 5 shows a selected-area diffraction pattern
of the [100] pole of the matrix phase after a solution

Fig. 3. Many-beam bright field transmission electron micrograph
showing the epsilon phase with equiaxed and elongated
morphologies.
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Table 3. Compositions of nanometre-scale precipitates and epsilon phase

Ni Mn Al Fe Nb Cr Si

Cu
Composition of nanometre-scale precipitates (at%) 14-1 593 2.7 154 2-7 38 1-0 1-0
Calculated error (at') +1-2 +2-1 +)-3 +2-0 +0-3 +0.8 +0-2 +0-5
Composition of micron-scale () phase (at%) 48 60-7 0-7 1-0 32 223 0-8 64
Calculated error (at') +1-1 +2:3 +)-3 +0-8 +0-2 +1-8 +0-2 +1-6

heat-treatment to dissolve the precipitates. The reflec-
tions correspond well to the XRD observation of an
fce matrix. Figure 6, however, shows the [100] pole
of the matrix taken from a region of high precipitate
concentration in a peak age-hardened sample. Super-
lattice reflections can now be seen. Further observa-
tion of superlattice reflections at other poles shows
that the precipitates have an ordered L1, structure,
with lattice parameter very similar to the matrix, and
oriented so that:

':OO] }mutrix /" {001 }prccipitutc <001 >mamx /1<001>

precipitate

The precipitate structure can be confirmed by close
inspection of the XRD spectrum. Although the
principal reflections from the precipitates are hidden
by the matrix reflections, the weak superlattice

40nm

Fig. 4. Many-beam bright field transmission electron micro-
graph showing the dispersion of nanometre-scale precipitates
throughout the matrix.

Fig. 5. Selected area diffraction pattern of the [100] pole of
the solutioned alloy. The reflections seen are consistent with
the X-ray diffraction data.

reflections are visible, as shown in Fig. 7. The lattice
parameter of the precipitates has been calculated to
be 359-3 + 0-3 pm. The misfit between matrix and
precipitate lattice parameters is defined as (@pp —
Urnairin! Ay Where @, is the precipitate lattice param-
eter and a,,,;, the matrix lattice parameter. Thus,
there is a misfit of -0-68 + 0-10%, as measured by
this method.

Interference from the matrix prevented composi-
tional analysis of the small precipitates, but coarsen-
ing of the precipitates by holding at 715°C for three
weeks reduced the significance of the matrix during
EDX analysis. Table 3 shows the composition of
the precipitates, as measured by EDX analysis. This
evidence, combined with the diffraction information,

Fig. 6. Selected area diffraction pattern of the [100] pole of the
unsolutioned alloy. Superlattice reflections are now clearly
visible.
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Fig. 7. X-ray diffraction data showing the extremely weak 100
precipitate superlattice reflection, corresponding to a lattice
parameter of 359-3 pm.
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indicates that the precipitates are based on Ni;Al
with other elements present in solid solution. In
other alloy systems with an fcc matrix and ordered
L1, precipitates, it is customary to denote the matrix
as y and the precipitates as y', and this system will
be used here for convenience.

The high level of copper probably reflects a signifi-
cant presence in the y', rather than a large amount of
matrix interference. The copper-nickel-aluminium
phase diagram indicates that Cu has significant solu-
bility in Ni;AL* and no EDX analyses gave copper
levels lower than 13-5%, which is far higher than
would be expected if copper were present only in
the matrix. Copper substitutes for nickel in Ni,AlL*

It would be expected that the 15 nm diameter y'
are coherent with the matrix, since the mismatch
of -0-68% is not sufficiently large for interfacial
dislocations to be energetically favourable. Indeed,
no indications of incoherence, such as interfacial
dislocations or Moiré¢ fringes, have been observed
for y' of this size.

3.2 Identification of strengthening phase

The Vickers hardness of the solution-treated alloy
is 151 Hv(300), as compared to 307 Hv(300) for
the unsolution-treated alloy. The solutioning heat
treatment had no measurable effect on the micro-
structure other than to dissolve the y', and so it
can be concluded that ' is the main strengthening
phase.

4 GENERAL DISCUSSION

The main strengthening phase in Marinel is similar
to that found in many other alloy classes, in particular
nickel-base superalloys.® In many superalloys, an
array of y' precipitates strengthens a nickel-based
fce matrix, which has a similar lattice parameter to
the copper-based matrix found in Marinel.

The y' phase is thought to strengthen principally
by two mechanisms, order-hardening and coherency-
hardening.” Order-hardening arises from the LI,
structure of the precipitates, whereby dislocations
are required to move in pairs in order to minimise
the creation of the antiphase boundary (APB).
Coherency-hardening arises because the strain field
around a misfitting precipitate interacts with the

strain field of a dislocation, impeding dislocation
motion and thus providing strengthening.

The relative contributions of these two mechanisms
to the strengthening of Marinel has not as yet been
elucidated. Coherency-hardening is limited in many
commercial superalloys since they often have a low
precipitate/matrix misfit in order to give good high
temperature creep properties.” Marinel, however, 15
used at ambient temperatures, and so can benefit
from the strengthening given by the relatively large
precipitate/matrix misfit of —0-68%.

Work is being carried out to elucidate the
predominant mechanism of hardening and to dis-
cover what effect the minor alloying elements have
on the properties. This knowledge will be used
to develop new y' compositions aimed at giving
alloys with improved mechanical properties.

5 CONCLUSION

Marinel is a high-strength cupronickel alloy which is
reinforced by a dispersion of coherent precipitates,
termed ', which are based on Ni;Al and have the
ordered L1, structure. As suggested by the copper—
nickel-aluminium phase diagram, the y' have large
copper concentration. These precipitates have an
in situ lattice mismatch of —0-68%, as measured by
XRD techniques.
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