MANCHESTER

1824
The University of Manchester

The University of Manchester Research

Discontinuous precipitation in Mg-Al alloy studied in 3-
dimensions

DOI:
10.1016/j.scriptamat.2022.115265

Document Version
Final published version

Link to publication record in Manchester Research Explorer

Citation for published version (APA):
Robson, J., Lawson, M., Donoghue, J., Guo, J., & Davis, A. (2023). Discontinuous precipitation in Mg-Al alloy
studied in 3-dimensions. Scripta Materialia, 227, [115265]. https://doi.org/10.1016/j.scriptamat.2022.115265

Published in:
Scripta Materialia

Citing this paper

Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights

Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy

If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

OPEN ACCESS

Download date:09. Jun. 2023


https://doi.org/10.1016/j.scriptamat.2022.115265
https://research.manchester.ac.uk/en/publications/58a470c6-09a5-41c8-8afe-26a956dcac24
https://doi.org/10.1016/j.scriptamat.2022.115265

Scripta Materialia 227 (2023) 115265

journal homepage: www.journals.elsevier.com/scripta-materialia

Contents lists available at ScienceDirect

Scripta Materialia

Check for

Discontinuous precipitation in Mg-Al alloy studied in 3-dimensions | e

J.D. Robson *, M.J. Lawson, J.M. Donoghue, J. Guo, A.E. Davis

Department of Materials, The University of Manchester, Manchester, M193PL, UK

ARTICLE INFO ABSTRACT

Keywords:
Precipitation
Magnesium alloys
3D reconstruction

Discontinuous precipitation (DP) is a commonly observed mechanism by which solid solutions decompose. It
results from layers of precipitate and solute depleted matrix forming across a moving boundary. The morphology
of the discontinuous regions can be highly complex, and the way dislocations or twins navigate such a structure
during deformation is poorly understood. Only through 3-dimensional (3D) analysis can the true morphology of

discontinuous precipitation be revealed. This work presents the first 3D study of DP using a novel PFIB based
serial sectioning method. The material studied is AZ80, an industrially important class of Mg-Al-Zn alloy where
DP is commonly observed. The structure is revealed to consist of an interconnected network of DP regions within
an interconnected matrix. The width of the DP regions show strong local variations. This structure is expected to
be readily penetrated by twins and dislocations.

Discontinuous precipitation (DP) involves the decomposition of a
supersaturated solid solution into a duplex, often lamellar, transfor-
mation product consisting of precipitate and solute-depleted matrix
behind a migrating grain boundary. Discontinuous precipitation occurs
in over 80 binary alloy systems and is of industrial interest since it
generally leads to a deleterious effect on mechanical and physical prop-
erties [1,2].

DP leads to layered structures, which can be highly complex in ge-
ometry [2], but share some morphological similarities with the layered
structures formed by other mechanisms such as the eutectoid transfor-
mation [1]. In common with such structures, there is usually found to
be an optimum layer spacing, which corresponds to that which pro-
duces the maximum rate of free energy dissipation [3]. As DP grows
outwards from a nucleation site, preserving this optimum layer spac-
ing necessarily leads to phenomena such as layer branching [3]. In a
system where a preferred orientation relationship is expected between
the matrix and precipitate phase, the idealized DP structure consists of
unbroken parallel plates, aligned to produce the required habit plane.
Such an idealized structure is rarely seen in practice [2,3].

One good example of this is in Mg-Al alloys. In this system, it is
known that DP does not produce favourable properties, but nonethe-
less it is difficult to avoid. However, the morphology of DP is usually
far from the ideal picture, with both more globular and plate like re-
gions observed, and significant deviation of the plate habit plane from
an ideal crystallographic orientation [4-6]. In Mg-Al alloys, the pre-
cipitate phase is an intermetallic compound g with an expected ideal
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composition of Mg,;Al;,. This phase can also precipitate via a more
typical continuous mechanism of nucleation and growth of individual
particles (CP). The mechanisms of CP and DP are in competition with
each other, adding further complexity [7-9].

One of the intriguing aspects of DP in Mg-Al alloys is the limited
hardening this imparts to the alloy [10]. Even when yield is dominated
by twinning, the strengthening effect associated with DP is modest.
What is also surprizing is that although the stress required to propagate
twins in the presence of DP is increased, the twins themselves appear to
cross the DP layers relatively unhindered, and retain the classic lentic-
ular shape [11]. Since the g phase precipitates are neither sheared nor
twinned [12], an unbroken layer structure as expected from the classical
picture of DP would be expected to provide a very formidable obstacle
to twins due to back-stresses [13]. Only by studying the microstructure
in 3D is it possible to determine if there is a pathway in every direction
through which twins and dislocations could pass bypassing the DP lay-
ers. If such a path exists, it may explain the poor strengthening effect of
the DP structure.

A key obstacle to understanding the complex DP morphologies ob-
served in Mg-Al is that all current microstructural information comes
from 2D sections. This limitation is particularly acute when considering
layered and branched structures, where the direction of sectioning can
give a completely different impression of the microstructure. This was
recognised over a century ago in the analysis of the pearlite structure,
a eutectoid transformation product with morphological similarities to
DP [14]. Pioneering work involving serial sectioning and optical mi-
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Fig. 1. (a) shows the extraction trenches around the Pt-coated volume of interest that is still attached via the bridge, (b) shows the volume Pt-welded to the sample
edge, ready for slicing and imaging. (c-d) PFIB in-chamber views with inset (exaggerated) schematic showing the (c) PFIB serial slicing position and (d) imaging

position.

croscopy was used to reconstruct the true 3D nature of pearlite, and
provided important insights to help explain its structure and mecha-
nism of formation.

The tools available for 3D analysis of microstructures are now much
more advanced, but the principle of reconstructing the 3D structure
from a stack of 2D slices remains unchanged [15]. In the present work,
a state-of-the-art serial sectioning study was undertaken to reconstruct
the 3D structure of DP in a commercial Mg-Al-(Zn) alloy (AZ80). This
is a ternary Mg-Al-Zn alloy in which DP forms as in the binary Mg-Al
system, but is also more relevant to commercial Mg alloys.

To the authors knowledge, this is the first 3D analysis of DP, and
provides new insights to help understand both the mechanism of for-
mation and the poor strengthening effect produced by DP structures.

The material used is a commercial AZ80 alloy (nominal composition
range 7.8-9.2 Al 0.2-0.8 Zn 0.12-0.5 Mn wt%, balance Mg), provided as
direct chill cast ingot by Luxfer MEL Technologies, Manchester, UK. The
as cast material was homogenised at 400 °C for 24 h using an argon gas
furnace, and then hot rolled on a laboratory mill at 400 °C to a total
reduction of 80%. This material was then solution treated for 1 h at
420 °C, leading to an equiaxed grain structure with a basal texture and
supersaturated solid solution which was free of p-Mg,,Al,, precipitates.
Precipitation heat treatment was carried out for 16 h at 220 °C. This
temperature was chosen since it corresponds to a condition where DP
is expected to dominate [7]. This choice of conditions was checked by
additional heat treatments confirming that 16 h at 220 °C was best to
maximise DP.

A Thermo Scientific Helios 5 PFIB system was used to extract the
volume of interest from the sample bulk and prepare it for 3D slicing
and imaging. The volume of interest extends from the grain boundary
to the centre of one grain (i.e. is within one grain) and was chosen to
avoid regions of CP - i.e. to consist of 100% DP

Before extracting the ~ 100 x 100 x 100 um volume, the top surface
was protected by a platinum (Pt) coating deposited using a gas injection
system in the PFIB operated at 12kV and 50nA. Four =~ 150 X 100 um
trenches were then dug around the sample with a 30kV accelerating
voltage and a 1pA current, where each trench extended beyond the
volume of interest to allow redeposited material to escape during the
subsequent undercuts. A 10 um bridge was left to keep the volume of
interest attached to the sample bulk for the undercuts. Fig. 1(a) shows
the volume-bridge-sample layout after undercutting. The volume edges
were ‘cleaned’ with the PFIB at this stage to remove redeposited mate-
rial and polish the exposed side faces with a probe current of 60nA. A
novel method for mounting the volume for serial slicing was used where
the volume was mounted back onto the bulk material it was lifted out
from, which meant that at no point did the system need to be vented
during the process.

The volume of interest was extracted using a micromanipulator (af-
ter severing the bridge) and then attached directly to the edge of the
sample using i-beam deposited platinum, as shown in Fig. 1(b), so
that the volume protruded from the sample side edge. The sample was
mounted to a 36° pre-tilted holder so that the surface for examination
was tilted to 54° relative to the stage. For PFIB slicing (Fig. 1(c)), the
stage was tilted to 16° so that the examined surface was parallel to
the PFIB (52°), and a 30kV accelerating voltage and 60 nA current was
used to remove ~ 100nm of material per slice, which was assisted by
fiducial tracking to maintain slicing-resolution accuracy. In addition, to
prevent the development of PFIB-induced curtains, a rocking mill was
employed so that the sample was sliced at alternating + and -5° angles.

For imaging (Fig. 1(d)), the stage was tilted to 54°, so that the sur-
face was perpendicular to the electron beam (90°), and images were
collected every 2 slices (every 200 nm for the same rocking mill angle)
using the through-the-lens detector in BSE mode with an 8KkV accel-
erating voltage, 26 nA current, and a 4 mm working distance. Overall,
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Fig. 2. Backscattered SEM images taken independently from the serial-sectioning study on an SEM (5 kV, 0.8 nA) equipped with a high-sensitivity backscattered
electron detector showing (a) low magnification showing total invasion of discontinuous precipitation (DP). (b) Higher magnification showing details of the plate

morphology as seen in 2D.

500 images were collected throughout the 100 um-thick volume, which
were then processed and reconstructed into a 3D image.

The raw SEM images were filtered (FFT filter) to remove the cur-
tain artefacts from the FiB process. They were then batch binarised in
ImageJ [16] so that the Mg matrix could be removed leaving only the
DP. The 3D image stack was then imported to Avizo (v2020.2, Thermo
Scientific) where it was aligned, to correct for drift during acquisition,
using the ‘Align Slices’ module. This was achieved semi-automatically
using the edge detection algorithms combined with manual definition
of the edges of the cut surface. Once the 3D image stack was aligned
a label analysis was performed to measure the characteristics of each
individual region of DP. These results were also visualised as volume
renderings in Avizo. A version of the full 3D dataset was also exported
in a format suitable for rendering in the open source software Paraview
to allow the interested reader to inspect the 3D data for themselves
(https://doi.org/10.5281/zenodo.7112791).

Fig. 2 shows SEM images of the microstructure revealing that, as
intended, the grains have been fully invaded by DP. The complex mor-
phology is revealed, with more globular and more plate-like regions
apparent. The DP does not appear as unbroken layers, as expected from
the simple classical picture, but instead forms as apparently isolated
regions.

In such 2D sections the true nature of the DP structure is hidden and
important questions remain unanswered. For example, are the different
morphologies observed truly different, or is this an artefact of section-
ing? Are the DP regions that appear as isolated particles actually part
of a continuous layer that continues sub-surface? Finally, are the DP re-
gions with different alignment within one grain related/interconnected,
or are they due to different nucleation events? Such questions can be
addressed only with a 3D evaluation of the microstructure.

An isometric projection of the full 3D volume is shown in Fig. 3.
Since it is difficult to present 3D data in 2D, the reader is invited to
inspect the full 3D dataset for themselves. The 3D dataset shows the
precipitates apparently radiating from a single point or line. The pre-
cipitate plates are not continuous layers in any plane, but rather are
broken by gaps and holes in the structure. Often the plates can deviate
markedly from a single habit plane.

The morphology of DP in the Mg-Al system was previously described
on the basis of transmission electron microscopy (TEM) analysis as
twisting ribbons [4]. The 3D dataset fits well this description and shows
that even when a plate appears to be straight when viewed in one sec-
tion, it is actually bent and twisted when viewed in other planes. Note
that the steps that appear in the 3D reconstruction are artefacts of the
serial sectioning method rather than real features of the microstructure.

Fig. 3. Near isometric projection of full 3D dataset showing DP regions (blue),
visualized using Paraview. (For interpretation of the colours in the figure(s), the
reader is referred to the web version of this article.)

No attempt was made to smooth these steps, since this can potentially
introduce artificial features in the reconstruction.

To facilitate visualization, a subset of the data presented in Fig. 3 is
shown in Fig. 4. In this case, the commercial software package Avizo
(v2020.2,) was used to perform the image rendering and analysis. In
Fig. 4(a), features that are interconnected are assigned the same colour.
Therefore, all of the DP plates coloured purple are actually intercon-
nected and form one large structure. Indeed, it is possible that even
the small regions that are assigned different colours are also part of the
same structure, but due to the cropping effect the connection points lie
outside the analysed region. This confirms that what appear as individ-
ual particles in a 2D (e.g. Fig. 4(b)) are actually branches of a single,
large, colony structure. This is consistent with the understanding that a
DP colony can form from a single nucleation site, then grow and branch
until it invades an entire grain [2].
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Fig. 4. (a) Selection of 3D dataset visualized in Avizo; features in the same colour are interconnected. (b) Section demonstrating that interconnection of features in
the same colour is not apparent in 2D. (c) Zoomed in region showing an example of plate branching (arrowed). (d) Visualization of the matrix showing it is also

fully interconnected.
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Fig. 5. (a) Histogram of measured tortuosity (b) Histogram of maximum plate thickness (determined by maximum diameter of a sphere that can be wholly contained

within the plate.

Fig. 4(c) is a further zoomed in region, showing branching, as il-
lustrated by the DP region coloured cyan and identified by an arrow.
Looking from the bottom of this image towards the top, it can be seen
that this plate splits, leaving a gap between the two branches. Such
splitting/branching is very commonly observed. The same analysis of
the matrix also confirmed that this is fully interconnected, and there
are no islands in the matrix that are isolated by being completely sur-
rounded by DP (Fig. 4(d)).

Several useful parameters can be quantified from the 3D dataset
using the analysis tools available in Avizo. The overall volume frac-
tion of DP was determined to be 28+5%. This is significantly higher
than the maximum theoretical volume fraction of 13%, as calculated
using thermodynamic modelling software (JMatPro version 12.4 with
the magnesium database). Given the aging treatment was chosen to be
sufficiently long to produce a fully DP microstructure, the true volume
fraction is expected to be close to this maximum value. The significant
over-estimate from the measurement of the 3D dataset is a common
problem when thresholding from SEM images. For example, analysis of
the data confirmed that blurring around the precipitates (caused by the
relatively high accelerating voltage electron beam interacting with non-

parallel plate volumes below the sample surface) is often incorrectly
segmented during thresholding. This will lead to an over-estimate in
the absolute measurement of layer thickness, but it does not affect the
important observations about the structure and morphology of the DP,
which is the focus of this paper. To confirm the interconnectedness of
the DP structure was not an artefact of thresholding, the 3D datasets
was also subject to erosion of 1 and 2 voxels, by which point the vol-
ume fraction (12%) was less than the expected value (13%), but the
plates remained fully interconnected.

The tortuosity of the layers as calculated by Avizo [17] is plotted in
Fig. 5(a). The tortuosity describes how straight the layers are (a value
of 1 corresponds to a perfectly straight layer). It can be seen there is a
wide distribution of values, reflecting the observation that some layers
are very bent or twisted whereas others are quite straight.

The thickness distribution of the g layers is shown in Fig. 5(b).
Note that the thickness is calculated by determining the diameter of
the largest sphere that can fit inside the layer object [18]. It is notable
that there is a very wide variation in the measured thickness. In the ide-
alized theoretical model of DP growth, the layer thickness is constant
and controlled by a balance between surface energy and diffusional pro-
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cesses [19]. It can be seen that over the large volume studied here, the
layer thickness is far from this idealized picture. Previous studies us-
ing TEM to measure layer thickness values give much smaller values of
the layer thickness, of around 30 nm [4] (Mg-9at% Al aged at 212 °C).
However, as demonstrated here, strong local variations are possible,
both within grains and between them.

In summary, this paper presents what is (to the authors knowledge)
the first 3D study of discontinuous precipitation (DP) in an alloy sys-
tem. Using a PFIB and a novel specimen mounting process has enabled
a relatively large volume to be sectioned at sufficient resolution to cap-
ture the details of the DP in 3D with high image quality. DP is proved
to consist of an interconnected network of plates forming a precipitate
crystal that is interwoven with the matrix. It has been demonstrated
that the plates are ribbon-like and often bent, twisted, and branched.
This structure results in large gaps between the plates in all directions,
and this is likely to explain why such plates do not strongly prevent the
growth of twins or effectively block gliding dislocations.
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