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Introduction

MARINEL' is the latest alloy in a series of high-strength, age-hardenable wrought cupronickels. It com-
bines excellent resistance to corrosion and hydrogen embrittlement with high strength and is designed
particularly for use in critical subsea bolting applications (1). Strengthening is provided by additions of
Mn, Al, Fe, Nb and Cr.

In this work the microstructure of MARINEL has been studied using optical and electron microscopy
with the aim of understanding the strengthening mechanisms. As part of this major programme the pre-
dominant micron-scale phase has been analysed in some detail. This paper describes the composition and
crystal structure of this phase, and identifies it as the e phase already seen in Incoloy alloy 909 (2).

Experimental

All samples for analysis were taken from the commercially available alloy in the form of 12.7mm diameter
rod, produced by forging a 15cm 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 microscopy
and transmission electron microscopy (TEM).

Optical microstructures were revealed by etching in acid ferric chioride comprising Sg ferric chloride,
10ml hydrochloric acid and 100ml water. Thin foils for TEM studies were thinned using a twin-jet polish-
er operating at 10V and 0.2A. The solution of 20% nitric acid in methanol was held at -25°C.

Transmission electron microscopy was carried out using a JEOL 4000FX analytical electron micro-
scope interfaced with a Link AN10000 analytical system. The crystal structure of the £ phase was deter-
mined by electron microdiffraction.

*
MARINEL is a Registered Trade Mark of Langley Alloys Ltd.
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TABLE 1
Chemical Analysis of MARINEL.
Element Cu Ni Mn Al Fe Nb Cr Si
at % 69.0 19.6 49 4.1 1.3 0.46 0.50 0.11
Results

Table 1) shows the chemical analysis of MARINEL. It should be noted that silicon is not an intentional
addition. A typical optical microstucture of the as-received alloy is shown in figure 1). Precipitates can
be seen to be dispersed throughout the matrix. Figure 2) shows typical TEM micrographs of these precipi-
tates. They are in general equiaxed, although some are elongated with an axial ratio up to 10. Facets are
often observed. :

Analytical electron microscopy (AEM) was performed on precipitates such as those shown in figure
2). Table 2) shows the average composition of 15 precipitates. Errors arise principally from the uncertainty
in the effective thickness of the precipitates and from the small amount of matrix which is unavoidably
analysed. Comparison with table 1) shows that the precipitates are enriched in Ni, Nb, Si, Fe and Cr com-
pared to the matrix. Al, Mn and Cu may also be present at low concentrations, but interference from the
matrix may wholly account for their presence in the precipitate spectra.

Microdiffraction was carried out in order to establish the crystal symmetry. Figure 3) shows micro-
diffraction patterns of the three highest symmetry poles. They exhibit 2mm symmetry. Tilting experiments
determined these poles to be mutually orthogonal, and thus the crystal structure is orthorhombic, with
point group mmm. This was confirmed by tilting to other poles, such as the [201] pole shown in figure
4). Here the Zero Order Laue Zone (ZOLZ) exhibits 2mm symmetry whilst the overall symmetry is m,
as would be expected from an mmm point group (3).

Approximate lattice parameters were determined from microdiffraction patterns by internal calibration
with the matrix phase, whose lattice parameter was known from x-ray diffraction studies. These are a =
0.80nm, b = 0.46nm, ¢ = 1.20nm, all £0.01nm.

Figure 1. Typical optical micrograph of the as-received 12.7mm diameter MARINEL rod. The larger precipitates, showing bright
contrast, can be seen to be dispersed throughout the matrix.
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Figure 2. Typical many-beam bright-field TEM micrographs showing examples of equiaxed and elongated precipitates. Approxi-
mate [110] beam direction.

On this basis the microdiffraction patterns were indexed as shown in figure 5). Tilting experiments
were performed in order to identify forbidden reflections. By analysing both the First Order Laue Zone
(FOLZ) and the ZOLZ reflections in a large number of poles the general rules for allowed reflections were
found to be: hkl: h+k = 2n, hOI: I =2n, which identifies the space group as Cmem ).

Faceted precipitates were observed in order to determine the faceting plane. This was in all cases deter-
mined to be the (001) plane, as shown in figure 6).

No specific orientation relationship was found between matrix and precipitate. However many precipi-
tates were found with [111],,,.. Within 5-20° of [001],,, and [110],,,4, Within 5-25° of [100],,.. The pre-
cipitates are formed during hot forging, and so it may be that any original exact orientation relationship
is altered during this process.

Discussion

The precipitate described in this paper can be compared with the e phase, first seen by Heck et al. (5) in
Incoloy alloy 909, and later studied by Chen (2). Heck er al. suggested that the ¢ phase has a DOy,
hexagonal superlattice structure, however the evidence provided was inadequate to prove this. Chen show-
ed that in fact the ¢ phase is orthorhombic, with point group mmm, and lattice parameters a = 0.45nm, b
=0.80nm, ¢ = 1.20nm. Comparison of the diffraction patterns obtained by Chen with those in the present
study reveals a very close match.

Chen suggests that the composition of the e phase may be written A,B, where A is (Fe,Co,Ni,) and B
is (Nb,Ti,Si,), although he shows that the composition varies from A;,B to A, ;B as the ageing temperature

TABLE 2
Average of TEM EDS Microanalysis Results for 15 Precipitates in MARINEL.
Element Cu Ni Mn Al Fe Nb Cr Si
at % 4.8 60.7 0.7 1.0 32 223 0.8 6.4

Error / at% +1 +2 +0.2 +0.5 +0.2 +1.5 +0.1 *1.5
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Figure 3. Microdiffraction patters of the three highest symmetry poles at both long and short camera lengths, showing 2mm sym-
metry throughout.
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Figure 4. Microdiffraction patterns of the [201] pole, showing 2mm symmetry in the ZOLZ and m symmetry overall,

varies from 950°C to 750°C. If the results from the present study are analysed in a similar way, where now
A is (Fe,Ni,) and B is (Nb,Si,) then the average composition can be written A,,B. In the present study
precipitation occurs during hot forging at around 950°C, and so these results are in agreement with Chen's
findings. Thus it is likely that the phase identified here is identical to the ¢ phase in Incoloy alloy 909.

Heck et al. note that without the 0.4 wt% addition of silicon to Incoloy alloy 909 no e phase is formed.
Thus it appears to be somewhat fortuitous that the ¢ phase is found in MARINEL, since silicon is not a
deliberate addition to the alloy.

(100] [010]

(001]

Figure 5. Indexed microdiffraction patterns of the three highest symmetry poles.
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Figure 6. Many-beam bright-field TEM micrograph of faceted precipitate showing (001) faceting plane. [010] beam direction.

Summary

The predominant micron-scale phase in MARINEL has been identified as having an orthorhombic crystal
structure, space group Cmcm and lattice parameters a = 0.80nm, b = 0.46nm, ¢ = 1.20nm. The approxi-
mate composition of this phase is A,,B, where A is (FeNi,) and B is (Nb,Si,). This phase has been shown
to be the e phase seen in Incoloy alloy 909.
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