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This work has examined an Al-0.54Mg-0.38Si (at.%) conductor alloy (6101) subjected to two different ther-
momechanical processing routes. Conventional solution treatment, quenching, and artificial ageing (170 °C) was
compared to a process applying solution treatment, quenching, pre-ageing (7 h at 170 °C), 50% thickness
reduction by cold-rolling, and re-ageing at 170 °C. Re-ageing after rolling caused a rapid increase in electrical
conductivity. After 2 h re-ageing the rate of change in conductivity had slowed to a level comparable to that of
the undeformed material after the same total ageing time. From this point on the deformed material maintained a
2-3%IACS gain in conductivity with further ageing. It is shown that the improvement in conductivity could
largely be explained by two precipitate formation mechanisms, leading to increased solute depletion of the Al
matrix in the deformed material, which was quantified by atom probe tomography. Clear differences between the
deformed and undeformed material were also seen in precipitate distributions as shown by transmission electron
microscopy results. The findings and the discussion presented are of importance to future alloy and process

development for Al alloy conductor materials.

1. Introduction

Al and its alloys are widely applied as conductor materials in e.g.
land cables and overhead lines due to their high electrical conductivity-
to-weight ratios and high specific strengths [1]. The industrial sector is
in continuously growing demand for materials that can combine prop-
erties such as high strength, high electrical conductivity, low weight,
and good corrosion resistance. The 6xxx series Al-Mg-Si alloys are
among the top candidates, and are characterised by medium strength-
ening potential, good conductivity, and overall good forming and
corrosion properties. As an example, Al-Mg-Si alloys are being devel-
oped for use in future subsea/offshore electrical cables.

One of the key challenges in further improving Al-Mg-Si alloys for
conductor applications is to better optimise for high electrical conduc-
tivity while maintaining good mechanical performance. The problem is
that the main factors that cause improvements in strength, including
alloying (solid solution strengthening and precipitate strengthening)
and deformation (reduction of grain size and work hardening), will lead
to losses in electrical conductivity when compared to pure, undeformed
Al. The development of alloys and thermomechanical processing (TMP)
routines that can obtain better combinations of strength and
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conductivity depends on novel and clever approaches to alloy design
[2-4].

For 6xxx series Al alloys in conductor applications, the combined
alloying addition of Mg and Si is typically less than 1.6 at.%, e.g. 6101
and 6201 type alloys. The low addition of solutes means that these alloys
can reach relatively high conductivities, combined with a medium level
of strength. The strengthening is primarily caused by nano-sized pre-
cipitate phases that form during thermal ageing. The precipitates are
needle- or rod-shaped, with main growth axis in (100); directions. The
types of precipitates that form, their sizes, and their dispersion in the Al
matrix, all depend on alloy composition and TMP parameters. The
precipitation sequence for the Al-Mg-Si system is normally stated as
[5,6]:

’

SSSS—solute clusters—GP — zones (pre — Vs )
—f —>p,U1,U2,B' -, Si.

Here, SSSS denotes a supersaturated solid solution. For details on the
different precipitate phase crystal structures, the following works should
be consulted [7-12].

Several previous studies have demonstrated how different TMP
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routes may yield good combinations of mechanical and electrical
properties in Al-Mg-Si alloys, including processing by severe plastic
deformation (SPD) [4,13,14], hydrostatic extrusion [15], drawing [16],
and rolling [17,18]. A TMP route applying cold-rolling has been used in
this work. The focus of the present study has been to advance the un-
derstanding of the microstructural origins of improvements in conduc-
tivity. This has been done by studying a 6101 Al alloy subjected to two
different TMP routes, with conductivity and hardness measured as a
function of ageing time. Microstructure characterisation was obtained
by transmission electron microscopy (TEM) and atom probe tomography
(APT). This provided detailed information on precipitate sizes and dis-
tributions, in addition to quantifying the matrix solute levels at different
ageing conditions. The characterisation results were used to explain the
differences obtained in material properties after equal ageing times for
the two TMP routes. Such improvements in the understanding of how
new TMP approaches affect microstructure-property relationships is a
prerequisite for making yet further improvements in alloy design.

2. Methods
2.1. Material processing and property measurements

The studied 6101 Al alloy was manufactured by Hydro and was
produced by rod-casting (¥30 mm). The cast rods were subsequently
cold-rolled to ¥15 mm. The alloy composition was measured by
inductively coupled plasma optical emission spectroscopy (ICP-OES),
and is shown in Table 1. The material was solution heat treated (SHT) at
530 °C for 20 min and then water quenched to room temperature. It was
kept at room temperature (RT) for 15 min before it was set to artificial
ageing (AA) in an oil bath conducted at 170 °C. In the following, this will
be referred to as the undeformed material. In addition, another process
was applied comprising solution treatment, quenching, pre-ageing (PA;
7 hat 170 °C), quenching, 50% thickness reduction by cold-rolling (50%
CR), and subsequent re-ageing at 170 °C. This is denoted as the
deformed material. A schematic of the two heat treatment procedures is
provided in Fig. 1.

Hardness and conductivity measurements were performed after a
series of holding times from 30 min to 4 days ageing, which spanned
underaged (UA) to overaged (OA) material conditions. Vickers hardness
(HV) tests were carried out on a Leica VMHT MOT hardness tester using
aload of 1 kg and 10 s dwell time. 10 measurements were performed for
each calculated average value. Conductivity was measured using a
Foerster Sigmatester 2.069, and each value was determined as the
average of 5 measurements.

2.2. TEM and APT experiments

Both TEM and APT specimens were prepared by standard electro-
polishing techniques, in addition to one APT specimen being prepared
by focused ion beam milling. TEM specimens were obtained using a
Struers Tenupol-5 twin-jet polishing unit with an electrolytic solution
consisting of methanol (2/3) and nitric acid (1/3) held at —25 °C. APT
specimens were obtained using three stages of thinning with gradually
more reduced concentration of perchloric acid in the electrolyte
mixture, see e.g. [19].

A JEOL 2100 microscope operated at 200 kV and equipped with a
Gatan imaging filter was used for acquiring images for the calculation of
precipitate statistics. The specimen thickness was measured by electron
energy loss spectroscopy using the t/A (log-ratio) method. Precipitate

Table 1
Composition of Al alloy 6101 as measured by ICP-OES. All other element con-
centrations were <0.005 at.%.

Alloy 6101 Al Mg Si Fe

at./wt.% bal. 0.54/0.50 0.38/0.41 0.05/0.10
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Fig. 1. The two heat treatment procedures applied for the studied Al-Mg-Si
alloy. (i) Conventional SHT, water quenching, and AA. (ii) SHT, water
quenching, PA (7 h at 170 °C), water quenching, 50%CR, and re-ageing
at 170 °C.

number density, N, length, [, cross-section area, a, and volume fraction,
Vi, were obtained using established methodologies in microstructure
quantification of Al alloys by TEM [20]. The precipitate number density

was calculated as N = 3N/ <A <t +1m> ), where N| is the number of

precipitates oriented parallel to the beam direction, A is the area covered
by the image, t is the specimen thickness in the image centre, and I, is
the average measured precipitate length. The volume fraction of pre-
cipitates was calculated as V¢ = N - [ - a. Energy dispersive spectroscopy
(EDS) was performed on a JEOL 2100F microscope operated at 200 kV
and equipped with an Oxford Instruments silicon drift detector and
INCA software, used in analytical STEM mode with 1.5 nm probe size
and step size of approximately 3 nm. Atomic resolution high-angle
annular dark-field scanning TEM (HAADF-STEM) images were ob-
tained on a double corrected JEOL ARM 200F microscope operated at
200 kV using a detector collection angle of 42-178 mrad.

APT experiments were performed using a Cameca LEAP 5000XS
system. One specimen condition was field evaporated using electric
pulses with a 333 kHz pulse repetition rate and 20% pulse fraction, and a
specimen temperature of 40 K. Laser mode was used for three material
conditions, using a pulse energy of 40 pJ and a pulse frequency of 500
kHz, conducted at 40 K. After reconstructing the background subtracted
APT analysis volumes using the IVAS software, the precipitate phases
were selected using Mg isosurfaces (normally 2 at.% Mg concentration).
Precipitate compositions were subsequently obtained using the proxi-
gram method. The matrix solute level was estimated from a cylinder that
excluded the APT analysis volume edges (nodes) and precipitate
volumes.

3. Results
3.1. Material properties

The obtained material hardness and electrical conductivity after
different ageing times are shown in Fig. 2. It is seen that the 7 h ageing
condition, which was selected as the PA treatment, corresponded to an
UA condition with a hardness of ~ 74 HV. After 50%CR reduction it is
seen a significant increase (AHV ~ 21) in material hardness as compared
to the (undeformed) PA condition, reaching approximately 95 HV in the
as-deformed condition. This was higher than the maximum hardness
obtained with isothermal ageing at 170 °C, which reached about 85 HV
after 24 h ageing. In the start of re-ageing, the as-deformed material
showed large changes in material hardness. At 10 h accumulated ageing
(7 h PA + 3 h re-ageing), the hardness of the deformed material
measured 90.0 + 2.1 HV, and beyond this point it gradually decreased
with further ageing. At 15 h ageing the hardness of the deformed and
undeformed materials were nearly equal at ~ 80 HV.
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Fig. 2. (a) Vickers hardness and (b) electrical conductivity measured for the
deformed and undeformed materials after different ageing times at 170 °C. The
conductivity data after >9 h ageing at 170 °C have been fitted using logarithmic
functions of time, t [s].

The conductivity of the as-deformed condition was nearly un-
changed relative to the 7 h undeformed ageing condition (PA step), both
at about 55%IACS (% of the international annealed copper standard
which equals 58 MS/m). Upon re-ageing, the as-deformed material
showed a sharp increase in conductivity, from 7 h (deformation stage) to
9 h ageing. Here, the conductivity increased from 55.2%IACS to 58.1%
IACS. After the 9 h total ageing condition, the slope of the conductivity
curves were nearly equal for the deformed and undeformed materials, as
seen from the fitted lines in Fig. 2b. At >9 h ageing the conductivities of
the deformed and undeformed materials maintained a difference of Ac >
2.1%IACS, being higher in the former. Based on the obtained hardness
and conductivity measurements, six conditions were selected for
microstructure characterisation, see Table 2.

Table 2
Ageing conditions selected for microstructure characterisation and the corre-
sponding material properties.

Ageing condition

Hardness HV

Conductivity MS/m / %IACS

7 h undef. 73.8 £ 6.2 32.0 £ 0.1 /55.2 £ 0.2
15 h undef. 80.9 + 6.5 32.4+0.1/559+0.2
39 h undef. 84.2 £ 2.2 32.8 +£0.1/56.6 +£0.2
7 h def. 95.4 + 4.8 32.0 £ 0.1 /55.2 £ 0.2
15 h def. 79.7 £2.9 341+0.1/588+0.2
39 h def. 70.6 £ 2.9 344+0.1/59.3+0.2
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3.2. Microstructure observations by TEM

3.2.1. Undeformed material

From left to right, Fig. 3 shows TEM images of alloy 6101 unde-
formed after 7 h, 15 h, and 39 h isothermal ageing at 170 °C, respec-
tively. Based on a series of bright-field (BF) TEM images used to measure
precipitate length distributions (e.g. Fig. 3a-c) and cross-sections (e.g.
Fig. 3d-f), the precipitate statistics in these conditions were calculated,
see Table 3. At 7 h ageing it is seen a dense distribution of relatively
short precipitates, mostly confined to the range 5-30 nm in length. From
the HAADF-STEM lattice images (Fig. 3g,h,m,n) it is seen that the pre-
cipitates were predominantly "’ phase [7], albeit some with fragments
from other Al-Mg-Si phases, such as B’ (Fig. 3h) [11] and ' (Fig. 3n) [8].
At 15 h ageing it is seen from Table 3 that there has occurred a signif-
icant drop in the precipitate number density, from 20881 + 2162 pm™>
to 13861 =+ 1499 ym >, obtained at 7 h and 15 h ageing, respectively.
This is also qualitatively indicated from a comparison of images Fig. 3a
and Fig. 3b, acquired at comparable thicknesses, where the distribution
in Fig. 3b is less dense. HAADF-STEM lattice images (Fig. 3i,j,0,p) at 15
h ageing showed that "’ was still the dominant phase, and generally
with larger cross-section areas than for the 7 h condition. Fig. 3j shows
an example of a near 50/50 p"’/f precipitate, with a sharp and well-
defined interface between the two phases. As seen from the hardness
plotin Fig. 2a, the hardness increases from the 7 h to the 15 h condition.
The precipitates have increased in size, the number density has
decreased, and the volume fraction of precipitates has increased, indi-
cating coarsening of precipitates and a continued solute uptake in pre-
cipitate structures, see Table 3.

After 39 h ageing, it is seen from Fig. 3c that some precipitates had
grown very long as compared to previous conditions, with several of
them exceeding 100 nm in length. On closer observation, it is also seen
that there existed a relatively high density of shorter precipitates, which
is also seen from Fig. 3f. For the measured precipitate lengths at the 39 h
ageing condition it was also seen a two-fold length distribution (not
shown). HAADF-STEM lattice images (Fig. 3k,l,q,r) at 39 h ageing
showed that large #” phases were still present, but now pure post-f"’
precipitates could also be seen, e.g. #/ (Fig. 3r). Fig. 31 shows another
example of a near 50/50 p’/f precipitate. The calculated volume
fraction was higher than for the 15 h condition, calculated as 0.82 +
0.10% compared to 0.68 + 0.09% for the 39 h and 15 h conditions,
respectively. The 39 h condition is at the peak hardness plateau as seen
from Fig. 2a, prior to the onset of overageing. More surprisingly, the
calculated number density (20033 + 2093 pum ™) is seen to be higher
than the 15 h condition (see Table 3), and is similar to the 7 h condition.
The measurements for the 39 h condition were repeated using a different
specimen, which also gave a similar result. This indicated that there was
a re-precipitation occurring in-between the 15 h and 39 h ageing con-
ditions. Re-precipitation is here interpreted as occurring due to some
coarser precipitate structures being dissolved (at least partially), with
new atomic clusters/GP-zones forming from the released solutes. Sub-
sequently, these grow to form precipitates in higher densities than
would occur without dissolution of large precipitates.

3.2.2. Deformed material

Fig. 4 shows BF and dark-field (DF) TEM images of the deformed
material (PA + 50%CR + AA) in the three studied ageing conditions. The
high degree of deformation introduced in the 50%CR stage is clearly
visible in all images, showing a dense network of dislocations. In the as-
deformed condition (Fig. 4a,d) it was difficult to discern any pre-
cipitates, in both BF and DF images, and long exposure selected area
diffraction patterns did not reveal their presence (Fig. 4d). This indi-
cated that the precipitate crystal structures have been disrupted by the
CR process, either partially or completely. Gradual disruption of g’
crystal structures has also been observed in pre-aged specimens com-
pressed to different degrees [21], and is caused by precipitates being
repeatedly sheared by moving dislocations. It has also been observed
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Fig. 3. From left to right: TEM images of Al alloy 6101 at indicated isothermal ageing conditions in the undeformed material. (a-f) BF TEM images showing pre-
cipitate lengths and cross-sections and (g-r) HAADF-STEM lattice images showing representative precipitate structures from each ageing condition. All images are
acquired close to the [001]4; zone axis.

Table 3
Calculated precipitate statistics for alloy 6101 in the undeformed ageing conditions studied.
Ageing condition Cross-section area [nm?] Precipitate length [nm] Precipitate density [um~°] Volume fraction [%]
7 h undef. 12.540.5 20.6+0.4 20881+2162 0.54+0.06
15 h undef. 14.5+0.4 33.8+1.0 13861+1499 0.68+0.09
39 h undef. 14.0+0.4 29.3+0.8 20033+2093 0.82+0.10
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Fig. 4. BF (a-c) and corresponding DF (d-f) TEM images acquired in the deformed 6101 alloy after (a,d) 7 h (as-deformed), (b,e) 15 h, and (c,f) 39 h ageing at 170 °C,
respectively. The insert of image (d) shows a selected area diffraction pattern acquired in the imaged region. Highlighted areas (red) indicate regions of reduced
precipitate density. All images are acquired close to the [001]4; zone axis. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

previously in the study of a 6101 Al alloy subjected to 70%CR [18].

After 15 h ageing (PA + 50%CR + 8 h re-ageing), there were clear
observations of precipitates present, see Fig. 4e. From a series of cor-
responding BF/DF images as the ones shown in Fig. 4 there were in-
dications of reduced precipitate density in regions that seemed to have a
particularly high dislocation density, as exemplified by the highlighted
regions in Fig. 4b,e. This reduced precipitate density in regions of high
dislocation density was also found for the 39 h deformed ageing con-
dition, see Fig. 4c,f. Qualitatively, the overall precipitate density at the
39 h deformed condition seemed lower than the 15 h deformed
condition.

Due to the heavy deformation it was difficult to obtain any quanti-
tative precipitate statistics in the deformed conditions. One difference
observed between the deformed and undeformed material conditions
was that the precipitate distributions in the deformed conditions were
more inhomogeneous than the corresponding undeformed conditions.
Larger bands or regions with few or no precipitates were observed in the
deformed material. Judging from the BF image contrast, these regions
typically showed increased dislocation density or dislocation bands,
similar to the region highlighted in Fig. 4c,f.

Fig. 5 shows ADF-STEM images and long exposure EDS mapping
results of the deformed alloy conditions. For the as-deformed condition
shown in Fig. 5a, it is observed from the EDS maps that there were some
regions locally richer in Si and Mg (highlighted), although the signal is
weak. This could indicate that GP-zones and/or precipitates were still
present after deformation, which was not observed using BF/DF imaging
and selected area diffraction.

As expected for the 15 h deformed condition the EDS maps show that
there were precipitates present, and the (001)a; oriented needle
morphology as observed close to the [001]4; zone axis is readily seen
from the Si and Mg maps, see Fig. 5b. Furthermore, it is also observed
extended regions of solute enrichment and depletion (highlighted),
which correlate well with some of the main dislocation features
observed in the ADF-STEM image in Fig. 5b. This clearly demonstrates
that the introduced dislocations have a significant impact on the redis-
tribution of solutes and the precipitation that takes place after re-ageing.
These extended solute enriched regions indicate either a continuous
precipitation along the dislocation lines, or a combined precipitation
and solute segregation.

At the 39 h deformed condition (Fig. 5c) there were also similar
observations of precipitate distributions having been affected by the
dislocation microstructure. This is for instance seen from the highlighted
line of continuous precipitation, with depleted regions on either side.
Qualitatively, the overall precipitate density seemed significantly lower
than the 15 h deformed condition, and in addition much more inho-
mogeneous. This was also observed in additional EDS maps acquired
(not shown).

3.3. Assessment of solute levels by APT

APT experiments were performed on the 7 h undeformed and
deformed conditions, as well as the 15 h undeformed and deformed
conditions. One selected reconstructed analysis volume is shown for
each of the 4 conditions in Fig. 6. The precipitate phases were isolated by
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Fig. 5. ADF-STEM images and the corresponding Si and Mg EDS maps from the deformed 6101 alloy after (a) 7 h (as-deformed), (b) 15 h, and (c) 39 h total ageing at
170 °C, respectively. In the EDS maps of (a) there are corresponding regions with slightly increased Si and Mg concentration (albeit very weak), some of which are
highlighted by arrows. The highlighted regions (red) in (b) and (c) show a central line rich in solutes and/or precipitates with adjacent solute depleted bands.
Highlighted (blue) regions in (b) indicate regions more depleted of solutes/precipitates than average, and with no solute rich interior. All regions highlighted in (b)
and (c) lie close to main dislocation features seen in the corresponding ADF-STEM images. All images/maps are acquired close to the [001]4; zone axis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

forming Mg and/or Si isosurfaces of ~ 2 at.% concentration. It is seen
that all volumes contain precipitates, including the 7 h as-deformed
condition, see Fig. 6b. The observation of precipitates in the 7 h
deformed condition is an important finding, which demonstrates that
the precipitates may at least be partially preserved, even after 50%CR
reduction. Several small and rounded precipitates/GP-zones were also
present inside this volume. This was also observed for two additional
APT datasets acquired in this condition (not shown). The reduced size

and more spherical appearance of precipitates/GP-zones in the as-
deformed condition as compared to the undeformed state, see Fig. 6a,
indicate that the majority of precipitate structures has been significantly
altered by the CR stage. The precipitate crystal structures have almost
been completely destroyed by the repeated shearing caused by dislo-
cations, which was also seen from TEM results, see section 3.2.2.
Having isolated the precipitate volumes, the average precipitate and
matrix compositions were obtained. The results are summarised in
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Fig. 6. Reconstructed APT volumes from indicated 6101 alloy conditions. Blue, pink, and white datapoints indicate respectively Mg, Si, and Al atoms. 2 at.% Mg
isosurfaces (blue volumes) were typically used to isolate precipitate phases. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 4
Calculated average precipitate composition and the estimated solute concen-
tration in the Al matrix obtained from APT results.

Ageing condition ~ Avg. precipitate composition [%]  Matrix solute levels [at. %]

7h 46+2%Mg, 26+1%Al, 0.33+0.02Mg
Undeformed 28+1%Si 0.29+0.03Si
7h 47+2%Mg, 24+2%Al, 0.49+0.02Mg
Deformed 29+2%Si 0.27+0.03Si
15h 51+2%Mg, 25+2%Al, 0.14+0.01Mg
Undeformed 24+1%Si 0.07+0.02Si
15h 60+2%Mg, 10+1%Al, 0.04+0.01Mg
Deformed 30+1%Si 0.04+0.02Si

Table 4. It is seen that the average precipitate composition in the 7 h
undeformed condition corresponds with an UA condition when
compared to the reported composition of the f’ phase, given as
MgsAl,Sis (45%Mg, 18%Al, 36%Si) [7]. UA precipitates are typically
characterised by a high Al content. The matrix solute levels were
measured as 0.33 Mg and 0.29 Si at.% which showed that there were
significant amounts of solutes left in solid solution after the PA step, to
be compared with the measured alloy composition: 0.54Mg-0.38Si at.%.
A similar average precipitate composition to that of the 7 h undeformed
material was also measured in the as-deformed condition. However, the
matrix solute levels measured in the as-deformed condition differed
from the undeformed material, particularly due to the increased levels of
Mg, which was measured as 0.49 Mg at.%. This shows that a significant

level of Mg has been reintroduced in the Al matrix during the 50%CR
stage because of precipitate crystal structure disruption.

From the 7 h to the 15 h undeformed condition there occurred a
coarsening and dissolution of precipitates, seen from the drop in pre-
cipitate number density and the increase in average precipitate size and
volume fraction, see Table 3. In terms of material properties, there is a
gain in alloy hardness of about 7 HV and 0.7%IACS in conductivity from
the 7 h to 15 h stage, see Table 2. The APT matrix solute level mea-
surements show a significant drop in the Mg and Si content, from 0.33 to
0.14 at.% Mg, and from 0.29 to 0.07 at.% Si, measured for the 7 h and
the 15 h undeformed conditions, respectively.

In the 15 h deformed condition, it was measured a very low matrix
solute content of Mg and Si, obtained as 0.04 at.% Mg and 0.04 at.% Si.
This was also lower than the corresponding undeformed condition.
These two conditions are at comparable hardness levels, obtained as
80.9 and 79.7 HV for the undeformed and deformed conditions,
respectively (see Table 2). The conductivity of the deformed material
was however significantly higher, at 58.8%IACS for the deformed con-
dition compared to 55.9%IACS for the undeformed material. The dif-
ference of 2.9%IACS at similar hardness levels is an interesting finding.
The APT data show support for the measured difference in electrical
conductivity, due to the measurement of a lower matrix solute content in
the deformed material.

When Al-Mg-Si alloys reach OA conditions, post-3" precipitate pha-
ses such as ' (MgeSis.33) and eventually 5 (Mgs,Si) phase form, which are
progressively more rich in Mg relative to Si [6]. This is reflected in the
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composition of the precipitates in the 15 h deformed and undeformed
conditions, as compared to the corresponding 7 h conditions. The pre-
cipitates in the 15 h undeformed condition still contain a high level of Al
(25%), whereas the precipitates in the 15 h deformed condition contain
only 10% Al. The precipitates of the 15 h deformed condition are
therefore closest to the p' phase composition (MgeSiz33), and can
therefore be said to be effectively more aged as compared to the pre-
cipitates in the 15 h undeformed material. This indicated that acceler-
ated precipitation kinetics occurred in the deformed and re-aged
material.

4. Discussion
4.1. Microstructural contributions to electrical resistivity

Matthiessen’s rule is an empirical relation that expresses the total
electrical resistivity of a crystalline metal, p¢, as a linear sum of the
individual contributions from different microstructural features in the
metal. In Al alloys, there are several features in the microstructure that
have an effect on the electrical resistivity. The total electrical resistivity,
Prot, as a function of temperature, T, and the matrix solid solution con-
centration of elements, c;, may be stated as

pml(T7 Ci) = p()(T) + Zaici + Pdisioc T § :‘Pa‘:i ppar.j +PacB- @
i J

Here, pg is the resistivity of pure aluminium. It contains among
others the effect of phonons, and therefore has a strong temperature
dependence. The conductivity measurements in this work were carried
out at room temperature, where pg = 2.655 - 107® Qcm. The factor Ppar, j
accounts for the effect of precipitates (particles) in the microstructure,
each with a volume fraction, fyar, j. The constants pgisioc, PGB, and a;
account for the contribution of dislocations, grain boundaries, and so-
lute elements in the Al matrix of a concentration c; (wt.%), respectively.
The element-specific coefficients ¢; at 20 °C equal 0.6186 and 0.5745
Q-cm/wt.% for Si and Mg, respectively [22,23]. This shows that the
contributions to the electrical resistivity from the precipitate forming
elements Mg and Si left in solid solution are nearly equal. This also ex-
plains why conductivity curves obtained for Al-Mg-Si alloys as a func-
tion of ageing time are generally continuously increasing. With ageing,
progressively more solutes are locked inside precipitate phases, which
increases the precipitate volume fraction, and gives less solute left in the
Al matrix. Furthermore, the sensitivity to either element in solid solution
is similar, which means that despite changes in average precipitate
composition, the overall conductivity should generally increase.

The mean free path of conducting electrons in Al is 15; = 14 nm at
room temperature [23]. When both the average precipitate dimensions
and interparticle spacing are larger than this length, their contribution
to electrical resistivity is relatively small. As the grain size of typical Al
alloys is also much larger than this length, the factor pgg is also negli-
gible. In alloys processed by SPD, where average grain diameters can be
on the order of 100 nm, the contribution can however be significant
[4,13,14,24]. In terms of the dislocation contribution, pgisioc, Miyajama
et al. [25] have shown good agreement with experimental findings using
Pdisloc = 2.7 - 10725 om°. However, as seen from Fig. 2a, the conductivity
of the studied material before and after 50%CR remained unchanged,
and the dislocation contribution is therefore thought to be of second
order here.

For the alloy conditions studied, the main contribution to the elec-
trical resistivity is hence due to the solid solution term 3 a;c;, with other
terms in Eq. 1 being small in comparison. By comparing the 15 h
deformed and undeformed ageing conditions, see Table 4, it is seen that
the deformed material had a lower matrix solute content of Si and Mg,
which supports the measurement of a higher conductivity for this con-
dition, see Table 2. The differences in matrix solute levels between the
deformed and undeformed 15 h conditions are 0.10 at.% Mg and 0.03 at.
% Si. In order to form an idea of the effect such a difference in matrix
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solute levels might give, the resistivity is approximated as p,«(293 K, c;)
=2.655-10"° Qem + >-iaici. This gives for the difference in conduc-
tivity Ac = 1/pish, def — 1/p15h, undef = 1.8%IACS, obtained using the
matrix solute levels measured by APT for the 15 h deformed and un-
deformed conditions given in Table 4. This is to be compared with the
2.9%IACS difference in conductivity measured between the 15 h
deformed and undeformed ageing conditions, see Table 2. Despite the
great simplifications made in this approximation, it still shows that the
main cause of the difference in conductivity can be attributed to the
change in matrix solute levels that develops during ageing of the
deformed and undeformed materials. The deformation was also
observed to have a significant effect on the precipitate distribution after
re-ageing, e.g. by forming extended regions of solute depletion and
continuous precipitation along dislocation lines, see Fig. 5b,c. This non-
uniform microstructure may also have an effect on the electrical con-
ductivity, which is difficult to quantify.

4.2. On the rapid increase in conductivity after deformation

Re-ageing following 50%CR reduction caused a very sharp increase
in conductivity, from 55.2%IACS to 58.1%IACS, in about 2 h ageing
time at 170 °C, see Fig. 2b. In the 7 h undeformed ageing condition (PA
treatment) there existed a relatively dense microstructure of primarily
pure j'' precipitates, see Fig. 3, containing less than half of the total
solute additions available in the alloy, see Table 4. By subsequently
deforming the material in this UA condition, many precipitate-
dislocation interactions will have occurred, leading to a dense and
evenly distributed network of dislocations. The solute atoms, atomic
clusters/GP-zones, and precipitates present in the matrix act as obstacles
to the moving dislocations. The precipitates will have been sheared
multiple times due to the high degree of deformation introduced, which
will cause partial or complete disruption of the preciptiate crystal
structures [21].

Due to the high strain rates involved in cold-rolling, and hence high
dislocation velocities, solute segregation or formation of Cottrell atmo-
spheres near moving dislocations will unlikely have occurred to any
significant extent, as this is promoted at lower dislocation velocities
[26]. Due to the large plastic deformation the dislocation microstructure
will have developed into a highly complex and entangled network,
where most dislocations have been pinned at multiple points on the
different dislocation obstacles present in the 7 h ageing condition. The
disruption of precipitate crystal structures was evident from micro-
structure observations after 50%CR (Fig. 4a,d), where the precipitates
proved difficult to observe based on TEM imaging techniques utilising
diffraction contrast (BF/DF). Long exposure EDS maps did however
indicate that Mg and Si rich regions were still present, see Fig. 5a. This
was confirmed by APT results, which showed that a high density of
rounded precipitates/GP-zones was present after the deformation stage,
see Fig. 6b.

Despite precipitate crystal structures being at least partially
destroyed, the solutes are thought to remain relatively confined to their
initial positions (prior to CR) due to the large dislocation velocities
involved in cold-rolling. Moreover, the conductivity measured before
and after 50%CR remained unchanged (see Fig. 2b). APT data showed
that significant levels of Mg were released from precipitates in the CR
process. The matrix solid solution level of Mg was measured as 0.33 at.%
and 0.49 at.% for the 7 h undeformed and deformed conditions,
respectively. If the difference of 0.16 at.% Mg was uniformly distributed
in the Al matrix, it should have reduced the conductivity of the deformed
material by a value similar to the calculated difference between the 15 h
deformed and undeformed conditions (Ao ~ 1.8%IACS). This is taken as
an indirect evidence showing that the position of solute rich regions
present in the 7 h undeformed condition (GP-zones, precipitates, etc.),
does not change significantly through the CR process. Instead, the dis-
tribution of solute rich regions is smeared out to some extent, which is
supported by APT data. Because the overall distribution of solutes in the
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microstructure does not change considerably between the 7 h unde-
formed and deformed conditions, the conductivity does not change
significantly.

In the next step, this highly entangled dislocation microstructure,
pinned on partially/completely disrupted precipitate crystal structures
and solute enriched regions, is subjected to re-ageing at 170 °C. The high
degree of deformation will have increased the concentration of va-
cancies in the material considerably [27,28], mainly due to vacancies
being generated by moving jogs of screw dislocations. In this stage, it is
envisioned two different main mechanisms taking place: (i) conven-
tional bulk diffusion of solutes and resulting nucleation and growth
away from the dislocation network, and (ii) rapid pipe (/dislocation)
diffusion of solutes causing re-growth of locally solute enriched regions/
partially disrupted precipitates pinning dislocations and new heteroge-
neous nucleation on dislocations. Both effects will have been enhanced
by the increased vacancy levels introduced in the deformation stage.
Similar ideas about the effect of dislocations on subsequent precipitation
have been presented in other works, e.g. [29]. The dislocations will also
be able to move and become unpinned, leading to dislocation recovery.
The large changes in hardness seen from Fig. 2a immediately after
deformation is a clear indication of this. Increase in hardness from (re-)
precipitation and a reduction due to dislocation recovery is competing at
this initial stage.

Bulk solute diffusion around a static dislocation is well-established in
continuum models [30,31], which show that the Mg atoms will diffuse
and bind to the tensile stress field of the dislocation due to its increased
size misfit relative to Al atoms. This effect is well-known, particularly for
Al-Mg alloys (5xxx), where it may manifest itself in the phenomena of
dynamic strain ageing (DSA) and the Portevin-le Chatelier effect
[30,31]. Si on the other hand, will bind to the compressive field of the
dislocation due to its negative size misfit [32].

Fast diffusion of solutes along dislocation cores for different types of
dislocations in Al has been treated and demonstrated previously
[26,33-36]. For Mg, this has been treated extensively, in studies of as-
pects related to DSA [31,37]. For Si, the diffusion along a single dislo-
cation line between silicon nano-precipitates in an Al thin film was
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studied in situ, showing that dislocations accelerate the diffusion of
solutes by almost three orders of magnitude as compared to bulk
diffusion [38]. Similar results have also been demonstrated previously,
by indirect assessments [39]. Calorimetric studies of the dynamics of
solute clustering have also suggested that solute migration takes place
by pipe diffusion at early times and by bulk diffusion at later times
during the clustering process [40].

The increased diffusivity of solute elements as enhanced by the
aforementioned effects will cause a more rapid depletion of the matrix
Mg and Si solute content in the deformed as compared to the unde-
formed material, and hence resulting in an increase in electrical con-
ductivity. The APT and EDS data showing segregation of solutes and
continuous precipitation along dislocations with adjacent solute
depleted zones (see Fig. 5b,c) support this hypothesis. The improvement
in conductivity is therefore seen as a consequence of improved ‘vac-
uuming’ of the matrix solutes, leaving the conducting electrons with a
path of least resistance through the matrix. Fig. 7 presents a schematic
visualisation of the proposed microstructure evolution for the two TMP
routes applied in this work.

After the initial rapid increase in conductivity upon re-ageing of the
deformed material, the slope of the conductivity curves become nearly
equal at >9 h ageing for the deformed and undeformed materials as seen
from the fitted lines in Fig. 2b. This is interpreted as an indication that
the pipe diffusion of elements along dislocations has halted for the
deformed material, and the subsequent microstructural changes proceed
as in conventional overageing, characterised by coarsening of larger
precipitates and dissolution of smaller ones.

The findings have important implications in optimising for high
conductivity while retaining high material strength. The largest increase
in conductivity occurs shortly after re-ageing the as-deformed material.
Rapid precipitation and dislocation recovery will occur concurrently,
with an increasing conductivity and a gradually reduced material
strength. A moderate re-ageing step applied after deformation of a pre-
aged material should therefore lead to a good combination of high
conductivity while retaining good material strength. Increasing the
ageing temperature, using different modes and degrees of deformation,
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’.:s fé :-.é Continued AA ’: 8 . : :.,f
RIS | LRI ¥
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Fig. 7. Schematic representation of the microstructure evolution envisioned for the two TMP routes applied to the 6101 Al alloy studied in this work.
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and/or applying different durations in the PA treatment are also pa-
rameters that should be explored more carefully in order to design op-
timum TMP routines for achieving good material property
combinations.

5. Conclusions

This work has combined hardness and electrical conductivity mea-
surements, TEM observations, and APT experiments for studying a 6101
Al-0.54Mg-0.38Si at.% conductor alloy subjected to two different TMP
routes. It was shown that a combination of PA, 50% thickness reduction
by CR, and subsequent re-ageing caused a considerable improvement in
conductivity (2 — 3%IACS) over conventional isothermal ageing after
equal ageing times. APT experiments showed that the difference in
conductivity could largely be explained based on the increased solute
depletion of the Al matrix in the deformed and re-aged material, as
compared to the undeformed material. The conductivity of the deformed
material developed in two main stages after re-ageing. At the beginning
of re-ageing there occurred a rapid increase in conductivity, which was
proposed to occur due to pipe diffusion of solutes along the entangled
dislocation network, effectively ‘vacuuming’ the matrix of solutes. After
2 h re-ageing, the rate of change in conductivity was nearly equal in the
deformed and underformed materials, and this subsequent stage is
characterised by conventional overageing behaviour, with coarsening of
larger precipitates and dissolution of smaller ones. TEM observations of
the deformed and undeformed materials showed that there were dif-
ferences with respect to the resulting distribution of precipitate phases
that formed with ageing. Most strikingly, the precipitate distribution in
the deformed material became progressively more inhomogeneous with
ageing, and showed clear interactions with the dislocation
microstructure.

The improved understanding of the effect of unconventional mate-
rials processing on the resulting microstructure and its link to conduc-
tivity increase has important implications for future alloy developments.
The insights gained should help in designing new alloy processing rou-
tines that may achieve progressively better combinations of high con-
ductivity and strength in Al alloys, which are normally mutually
exclusive properties in metallic systems.
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