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Abstract

A high purity Al-0.13wt.% Mg alloy was deformed to a von Mises strain of 10 and subsequently annealed at temperatures between
100 and 400C for 1 h. Boundary spacings were measured in orthogonal directions for all boundaries by EBSD and their correSponding
were calculated over both measurement directions. Boundaries with misorientatiois” were used to calculate a standard Hall-Petch
strengthening contribution while the boundaries witletween 1and 15 were used to calculate a dislocation strengthening contribution. The
combined calculations showed close agreement to actual mechanical test data over more than two orders of magnitude of boundary spacing
and significant morphology change. The importance of measuring boundary misorientations for the determination of microstructure—property
relationships is concluded.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In the present work, high strain deformation is used to
produce a sub-micron scale microstructure. Such a means to

The Hall-Petch relationship (s&g. (1), has been widely ~ produce fine grain structures is an interesting candidate for
used to successfully predict the effect of grain size on the exploring the effect of grain size on strength, as sub-micron
mechanical strength of many metals and alloys: grained microstructures can be fabricated in materials of
simple chemistry with zero porosity. The deformation struc-
ture is characterised by electron-backscattered diffraction
(EBSD) and its evolution during annealing is followed. The
microstructure consists of a mixture of high angle bound-
aries, as well as dislocation boundaries of low misorienta-
tion. The effects thereof on the mechanical properties can

e explored, where the high angle boundaries are accounted
for by the Hall-Petch relationship and low angle boundaries
via standard dislocation strengthening. The calculated re-
sults are compared to measured mechanical properties and
the agreement is discussed.

o = op + kd" (1)

In recent times, with the interest in metals with significantly
finer grain sizes than conventional materials, the Hall-Petch
relationship has been used to model the extrapolation of
grain sizes down to the nanometre scale produced by a wid
range of fabrication techniques. With the production of the
aforementioned materials, Hall-Petch analyses have illus-
trated variousk values by simple fitting of strength and
boundary spacing data (e.g. in aluminium all¢¥h. Typi-
cally, in very heavily deformed alloys, the measukadhlue

is significantly higher than that for conventional materials
[2] and has also been reported to show deviations from lin-
earity at very fine grain sizg8]. 2. Experimental

A high purity Al-0.13 wt.% Mg alloy has been deformed
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cornered 120 angle. The billet orientation was maintained (15° > 6 > 1°). The average misorientation of the low
constant throughout deformation, which is commonly re- angle boundaries was also determined. EBSD maps were
ferred to as Route A4]. The exact processing details collected such that these axes were parallel to the map
can be found elsewhelf®,6]. The material was annealed axes.

at various temperatures between 100 and °@0or 1h The average boundary intercept distance was calculated
followed by water quenching. The grain size and morphol- from the average orthogonal boundary intercept spacings by
ogy was examined by high-resolution EBSD using HKL the stereological relationships below

Technology CHANNELM acquisition software[5,7,8].

More detailed descriptions of the as deformed and an- , _ i Npo = YLx+1/Ly
nealed microstructure morphology can be found elsewhere L’ X 2 '
[9-12] ~ 1
Boundary spacings have been calculated using the lin- Lxy = (2)

. ; . X . N
ear intercept method after prior orientation averaging by Lxy

a modified Kuwahara filtef13] in order to reduce orien-  whereN; is the number of boundary intercepts per unit of
tation noise inherent in the EBSD data. EBSD data was test line length and. is the average boundary spacing. For
analysed using VMAP© EBSD analysis softwaf#4]. stereological reasons orthogonal boundary spacings cannot
As was performed in13], EBSD maps illustrating the be simply averaged, instead the number of intercepts per
boundaries only produced after orientation averaging were unit test line length must be averaged to account for pos-
compared to the pattern quality maps in a qualitative man- sible differences in test line length on each measurement
ner to observe any spurious averaging effects. Regionsaxis.
of low pattern quality either represent poor surface qual- Mechanical property data was obtained, either from ten-
ity, high dislocation density or boundaries due to pattern sile or compression tests at room temperature. The tensile
overlap. The pattern quality is especially sensitive to the tests were performed at the former Banbury Alcan Interna-
latter. tional Laboratory. The tensile specimen gauge dimensions
Due to the fact that during annealing from the deformed were 20 mmx 4 mm in diameter and were deformed at a
state to a fully coarsened microstructure, a significant strain rate of & x 10~*s1. Strain was determined via a
change in “grain” aspect ratio is observed, boundaries were‘clip-on’ extensometer. Compression tests were performed
characterised in the following manner. In the deformed on cylindrical specimens 5mm in diameter with an aspect
state, an average grain aspect ratio greater than two devatio of 0.75 with a crosshead speed of 0.05 mm/min. The
fines orthogonal long and short axes (i.e. directions of strain was determined indirectly from the change in length of
average maximum and minimum boundary spacing). Inter- an extensometer attached to the load cell and bottom plate,
cept distances as well as the misorientation angles of eachrespectively, above and below the platens in contact with the
boundary were measured separately on these orthogonaspecimen. Typically only one specimen was tested for each
axes for high anglex15°) as well as low angle boundaries annealing condition.

Fig. 1. EBSD maps representing: (A) the as deformed microstructure; (B) after annealing®@t #40a h. White lines represent low angle boundaries
(15° > 6 > 1°), black lines high angle boundaries 15°), and the grey scale is related to crystallographic orientation. The different scales in (A) and
(B) represent a change of several orders of magnitude in the grain size.
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Table 1

Measured microstructural parameters and mechanical properties

Annealing temperature Average high angle Average low angle Average low angle boundary 0.2% proof
(°C) boundary intercepty(m) boundary intercepty(m) misorientation ) stress (MPa)
As deformed 0.62 1.40 5.3 196

100 - - - 202

125 0.77 1.75 5.3 -

150 0.87 3.07 5.6 183

175 1.50 4.70 6.4 145

200 2.91 18.60 7.3 #

225 5.58 39.1 9.4 58

300 27.72 102.51 6.3 30

400 161.06 362.61 8.4 28

a8 UTS occurred prior to 0.2% uniform elongation, value estimated by projecting the stress—strain curve to 0.2%. The error is estimated to be
approximately 5MPa.

b Yield point occurred prior to 0.2% uniform elongation; the stress was measured at the yield point. The error is estimated to be less than 5MPa.

¢ Obtained from compression test, the error is estimated to be less than 10 MPa, due to difficulty in establishing the proof stress intercept and is
expected to be lower than the values given.

3. Results and discussion For the Hall-Petch part dtq. (3) standard values of fric-
tion stressog, the Hall-Petch slop& and the grain size
Typical microstructures are illustrated in the form of exponentn were used. For high purity aluminium with
EBSD maps inFig. 1, from (A) the deformed state, and normal grain boundaries these values are, respectively:
(B) after annealing at 400C. Black lines indicate high 20 MPa, 40 MPamY? and —1/2 [15]. Fig. 2 illustrates,
angle boundaries>(15°), white lines indicate low angle usingEq. (1) the calculated strengthening contribution of
boundaries (15> 6 > 1°), and the grey scale is related to the high angle boundaries. The second par&gf (3) is
orientation. It is immediately apparent froRig. 1 that the the standard expression for dislocation strengthefilitg,
observed change in microstructure dimensions is severalwhere M = 3.06, is the Taylor factor for a randomly tex-
orders of magnitude. In the deformed state, an approximatetured material. This value is justified by the very weak
lamellar structure is observed, where the grain aspect ratio istexture of the material5]. The factora is taken as 0.24
typically greater than 2. After annealing the microstructure [17,18] The shear modulus of aluminiu® is taken as
has coarsened and become equiaxed. This was observed t86 GPa and is the Burgers vector for aluminium, 2.86 A.
start at annealing temperatures of approximately°Z00 As the grain interiors are recovered and are relatively free
The measured microstructural parameters and mechanicabf dislocations, the dislocation strengthening represents the
properties are compiled ifable 1 and are used as input data dislocations contained within the low angle boundaries.
in the following analysis. The parametexy (seeEq. (2) is
used to express the two average boundary intercept spacings

given inTable 1 From the data, it can be seen that over the 5 70

annealing temperature range the average high angle bound- &

ary intercept increases from 0.6 to L6 (seeFig. 1) and = 60 1

a similar increase is seen for the low angle boundaries. Cor- 2

respondingly, the proof stress is observed to decrease from _.E 50t 1

approximately 200 to less than 30 MPa. The average misori- =

entation across low angle boundaries is observed to increase 8§ 40! |

slowly and relatively uniformly from approximately® 30 5

9°. However, it should be noted that this average may be a E 30 i

little inflated due to the EBSD angular resolution, compared %

to a corresponding measurement by TEM. I |
Using the measured microstructural data, the strengthen- E

ing contributions from the two classical boundary types, high 3 ol |

and low angle, was calculated using the Hall-Petch relation- =

ship to account for the high angle boundary contribution and ° . . . . . . .

dislocation strengthening for the low angle boundary con- c 02 04 06 08 1 12 14

tribution respectively, in the combined equation below 15° Boundary Spacing™®® (um™*)

155 5 Fig. 2. Calculated Hall-Petch strengthening contribution of high angle
o — 00 = kd" + MaGb -0y LAB (3) boundaries using standard values of friction stress, Hall-Petch slope and
b boundary spacing exponent (see text for values).
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Fig. 3. Calculated strengthening contribution of low angle boundaries via
the standard dislocation strengthening mechanism (see text for values).

Values for S, ag (boundary length per unit area) were
determined experimentally directly from the boundary in-
tercept data of the low angle boundaries only (Bee (4).
Lastly, & expresses the average misorientation of the low
angle boundaries only

2

SU _
LXYIow angle

(4)

Fig. 3illustrates the calculated dislocation related strength-
ening contribution as a function of the average low angle
boundary spacing.
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The above-calculated strengthening contributions are then
re-expressed individually in terms of the annealing temper-
ature inFig. 4A. The sum of the contributions is then com-
pared to the real measured proof stresBign 4B. It can be
seen that the calculated flow stresses agree remarkably with
the experimental data within reasonable estimated error lim-
its, with no need for fitting parameters.

The fact that the above analysis holds for the current
data, underpins the importance of determining the misori-
entations of all boundaries in the microstructure and inter-
preting their strengthening contributions accordingly. The
current analysis illustrates that in the heavily deformed and
lightly annealed conditions the majority of strengthening is
provided by the low angle boundaries despite their small
fraction. If the low angle boundaries are ignored, or counted
as high angle boundaries, this may give rise to misleading
data analysis, and for example, resulting in uncertainty of
the Hall-Petch constants.

In the current analysis, the standard definition of the low
angle—high angle boundary threshold of 1&as been used
to classify boundaries to their strengthening contributions.
This definition, although empirically based on bound-
ary mobility and boundary dislocation structures, is still
somewhat arbitrary, and therefore, can be fundamentally
guestioned in terms of the exact nature of boundary con-
tributions to strengthening. The classification of boundaries
to various strengthening mechanisms may also be biased
due to experimental technique. The detection of very low
angle boundaries in this analysis is restricted by the angular
resolution EBSD system; hence the undetected boundaries
may obscure the real microstructure—property relationships.
However, for the presented analysis it is expected that the
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Fig. 4. (A) Calculated Hall-Petch and dislocation strengthening contributions as a function of annealing temperature and their sum, (B) coimparison
the calculated strengthening mechanisms in (A), with the measured 0.2% proof stresses on a universal plot as a function of annealing temperature.
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experimental bias has a second order effect on the derivedtesting. We also gratefully acknowledge the support of the
relationship, based upon tests made with different boundaryDanish National Research Foundation via the Center for
definitions. Furthermore, the microstructure—property rela- Fundamental Research: Metal Structures in Four Dimen-
tionships in other materials should be determined in this sions at Risg National Laboratory.

manner to test the analysis presented here.
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