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ABSTRACT

The mechanical properties of aluminum are shown to be of special importance beginning from the early
20" century production of the material in single crystal and polycrystalline form. Experimental and
theoretical researches of the time were concerned with particular influence of polycrystalline
microstructure and the presence of crystal (grain) boundaries on both the material strength properties and
on relation of those same properties to those for the full range of metal and alloy structures. Now it is
well-established that a relatively low value of the microstructural stress intensity, k., obtains for
aluminum in the generalized Hall-Petch relation for the stress - strain, o - €, dependence on average grain
diameter, £, with intercept (friction) stress, oo, as

G: = G0: + K02,

With hindsight, taking o = 6o, provided first connection between single crystal and polycrystalline
strength measurements in the pioneering Taylor theory of plasticity proposed for aluminum and other
face-centered cubic metals. Later conventional and ultrafine grain size measurements are shown to verify
the fuller H-P dependence. The present account builds onto the early history. A description is given of
temperature, strain rate, and alloy-dependent mechanical property measurements. An understanding of
the total measurements is described in terms of a dislocation pile-up model description for the relation.
Emphasis is given to k. for pure aluminum and related metals being determined by cross-slip being forced
at grain boundaries. Particular attention is given to two characteristics of the metal mechanical behavior:
{1} very high rate loading deformations leading to shock and shock-less isentropic compression
experiments; and, {2} important grain size influences on nanopolycrystalline material behaviors.
Additional results are presented on H-P aspects of the material strain ageing, shear banding, ductile
fracturing and fatigue behaviors.

Introduction

An early assessment of newly-determined mechanical property measurements made on the 20" century

face-centered cubic (fcc) metal, aluminum, took place at an important Faraday Society Meeting in 1927.
Taylor, Polanyi and Gough, among other leading researchers, presented very different views on whether
the presence of grain boundaries in aluminum should directly affect the relationship of single crystal and
polycrystalline strength properties. Taylor argued for an absence of any direct grain boundary effect (1)



while Polanyi provided particular evidence that there must be an important influence (2). Gough, famous
for research on fatigue, reported on torsional straining observations made of mutual grain interferences in
testing a relatively large tri-crystal specimen. He concluded that the effect of the grain boundaries was
mainly one of ‘interference’ due to the effect of the different crystal orientations (3). Taylor expressed
the opinion that slip within an individual crystal was the same whether it was isolated or bounded by
other crystals within a polycrystalline microstructure. The consideration led to a dislocation mechanics
description of a parabolic o, - € curve for aluminum and related face-centered cubic metal single crystal
deformation curves (4); and later, led to the notion that the constraint within mutually deforming (crystal)
grains should require five independent deformation systems to operate within the individual grains so as
to alleviate an arbitrary difference in the crystal-based strains tied to each grain orientation (5). As will be
discussed, the analysis resulted in a Taylor orientation factor, mr, to relate the single crystal resolved
shear stress, Tr, and the unidirectional tensile or compression value of flow stress, o; that is, 6. = mrtr. A
value of mr = 3.08 was calculated by Taylor. Only quite some years later did Kocks add to the model
consideration by pointing to the Taylor requirement needing a comparative single crystal deformation
curve undergoing multi-slip on the five requisite slip systems so that tr would be replaced by t (6).

Polanyi’s objection was expressed as “The interruption [of slip] at the grain boundary constrains the
deformation, bringing about a thorough crumpling in the [grain] interior. It is to be expected that this
constraint at the boundaries will be most strongly apparent in their immediate neighborhood. This is seen
in the extension of a specimen consisting of two [aluminum] crystals, a ridge always forming at the
boundary (Fig. 11).” And elsewhere in discussion at the meeting, Polanyi made the point that “the
boundaries of crystals had a distinctly increased resistance against deformation, even if the crystals were
of cubic structure. ...”. There is modern connection with Polanyi’s argument given in a description of
‘orange peel’ effect associated with the surface roughness induced in large grain aluminum materials
subjected to substantial plastic deformation (7). A compression test result was shown for a 7075-T6
aluminum alloy specimen subjected to large strain after which surface ‘wrinkling” and macro-cracking
started from micro-cracks initiated in the grain boundary “valleys’ of the wrinkles, particularly with
greater concentration at the equatorial circumference of the bulged specimen. Such ‘valleys’ for the
remaining-in-place grain boundaries provide the counterpart of Polanyi’s ‘ridges’ on a tensile specimen.

A later update on consideration of the relationship between single crystal and polycrystalline metal plastic
deformation was given by Chalmers in 1950 in another important conference on crystal plasticity (8).
Taylor’s description of five needed slip systems within the individual (crystal) grains was discussed in
comparison with the need for taking into account more directly an influence of the material grain
boundary properties/effects. The case for higher temperature weakening associated with the presence of
grain boundaries was raised. In subsequent years, a number of deformation experiments were designed
for application to aluminum bi-crystals ‘grown’ with grain boundaries either parallel (9) or perpendicular
(10, 11) to the tensile axis. There is additional relation in the bi-crystal experiments of Pond and Harrison
(11) to Polanyi’s concern for a grain boundary resistance to displacement. Slip band rotations on either
side of a grain boundary orthogonal to the tensile axis were shown to cause a sideways displacement of
the essentially rigid boundary. Such rotations produced smaller specimen displacements on the crystal
side where shorter slip band lengths impinged on the boundary. An important local observation was that
the crystal boundary region exhibited smaller plastic strains in each case (10, 11). A modern aluminum
bi-crystal reference involving more complex deformations that were forced to occur within a channel-die



geometry has been reported by Zaefferer, Kuo, Zhao, Winning and Raabe (12). Chalmers and Aust
presented an important review of model grain boundary structures (13).

Substructure, Grain Boundaries and Subgrains

Very early recognition of the importance of a polycrystalline microstructure to determining strength
properties has been tracked historically to the 18" century (14). Description of a model
tetrakaidecahedron for an ideal polygonal grain shape exhibiting minimum surface area per unit volume is
attributed in the 19" century to Lord Kelvin, as reviewed by Smith (15). Such shape consideration may
be compared in the top level view of Fig. 1 to an average grain shape reported last century by Rhines,
Craig and DeHoff for temperature-assisted grain growth in aluminum (16). The grain size is normally
specified on a linear intercept basis that has advantage of specifying the grain surface area per unit
volume independent of any shape consideration. Focus on the structure of grain boundaries and
dislocation substructure within the grains, particularly for aluminum materials, has been a continuing

modern research activity.

average grain simple and complex grains

subgrains within grains
Figure 1. Grain and subgrain structures in aluminum

Hirsch had described pioneering measurements obtained with a micro-focus x-ray beam technique applied
to determination of the dislocation densities in polycrystalline cold-worked aluminum (17). In the article
Section on physical interpretation of the results, Hirsch began with the consideration that “During plastic
flow the stresses around each grain will be non-uniform owing to the constraints imposed by the
neighboring grains.” The formation of subgrain boundaries by polygonization of like-sign dislocations
was proposed to occur either during cold work or immediately thereafter. The work was followed up by
breakthrough observations of individual dislocations in aluminum (18) by transmission electron
microscopy (TEM). Dislocation arrangements in subgrain boundaries and motion of individual
dislocations were observed in heavily cold-worked aluminum foils, including observation of dislocation
cross-slip. An early TEM report on the structure of high angle grain boundaries in aluminum bi-crystals



was reported by Levy who also traced a bit of the early history in which grain boundaries were described
as disordered regions (19). Le, Godfrey, Hansen, Liu, Winthur and Huang have reported more recently
this century on the development of dislocation substructures generated within individual grains for a
sintered aluminum polycrystalline material and subsequently deformed in compression by 20% (20).

In Fig. 1, the lower level images show the traces of subgrain boundary patterns within individual
aluminum grains as described in detail via TEM by Le et al., including measurement of the subgrain
boundary misorientation angles that, on the left side, were mostly in the range of 0-5° and on the right
side were of 0-10°. Both measurements of subgrain misorientations are able to be fully accounted for in
terms of crystal dislocations. The experimental observations relate to the consideration that dislocations
provide both the vehicle by which plastic deformation is achieved and, when mutually intersected or
piling up against subgrain boundary structures or ‘tangles’, provide significant resistance to continued
deformation (21). Hong, Huang and Winthur have reported on such considerations for TEM
measurements made of subgrain boundary networks produced in rolled aluminum material (22).

Other x-ray diffraction measurements have been reported for the effect of a resident dislocation
substructure on the strength of aluminum materials, following on from Taylor originally pointing to the
same type of x-ray asterism being observed in strained single crystal and polycrystalline material (1).
Ball reported an inverse square root of subgrain size dependence of the flow stress of aluminum in which
the subgrain size was specified via micro-focus x-ray diffraction measurements (23). Weissmann
produced pioneering x-ray topographic images of individual aluminum grain deformations in a design of
a modified Debye-Scherrer type x-ray system (24). Hultgren reported on the additive effect of grain and
polygonized subgrain boundaries increasing the strength properties of aluminum materials (25).
Additional hardening associated with an increasing mis-orientation of the subgrain boundaries was also
determined. In a related model description of the strengthening properties associated with refractory
metals, Armstrong, Bechtold and Begley had proposed the schematic description shown in Fig. 2 for the
additive strengthening mechanisms (26). In the figure, the dislocations are seen as right-side up or
inverted T’s distributed with or without impurity/solute-associated black circles, also with a left-side
solute-associated subgrain boundary and right-side grain boundary region with distributed solute
segregation. The subgrain obstacle to slip penetration is weaker than that presented by a grain boundary.
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Figure 2. Schematic description of dislocation slip in a polycrystalline metal (26).



Hall-Petch measurements for aluminum

The eponymous Hall-Petch (H-P) relation reported for an inverse square root of grain diameter
dependence of the yield and cleavage stresses of body-centered cubic (bcc) mild steel material (27, 28)
provided what seems at first an unlikely alternative relationship to describe the much weaker grain size
dependence of strength properties latterly measured for aluminum materials (29). Such later association
was expressed in a generalized form of the grain size dependence extended beyond steel and related bcc
metals to fcc and hexagonal close-packed (hcp) metals in the form:

Cg = mT[TOg + kng_llz] [1]

In Eq. [1], mr is the earlier-mentioned Taylor orientation factor, to. is the friction shear stress on
dislocations in an average pile-up obstructed by a grain boundary requiring generation of a critical value
of shear stress intensity, ks, for overcoming the boundary resistance. In (29), a weak H-P dependence for
aluminum was compared with a much stronger dependence observed for an aluminum-magnesium alloy,
as will be discussed in connection with a large value of k. occurring for yield point behavior.

Comparison of Specimen Size and H-P Grain Size Dependencies
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Figure 3. Single crystal, multi-crystal and true polycrystalline H-P dependencies for relatively pure
aluminum materials (30-33).

A compilation of single crystal, multi-crystal and fully polycrystalline H-P yield stress or initial proof
stress dependencies measured at ambient temperatures is shown for several relatively pure aluminum
materials in Fig. 3 (30-33). The open-circle measurements, beginning from a single crystal tensile stress
measurement on the ordinate axis with 601 = 2701, are joined by the dashed curve indicating an increase in
flow stress for an increasing number of grains in the specimen cross-section (32). The so-called specimen
size effect is dependent on an increasing constraint between the grains occurring as the number of grains
in the specimen cross-section builds up and leading to an H-P dependence for fully polycrystalline
behavior (34). Thus, the inequality was established for an initial proof stress that



21r < 6 < Mr[m + ks 7] [2]

The two H-P lines shown in Fig. 3 attest to the sensitivity of both o, and k. to the presence of solute
content in aluminum that has a relatively large solid solubility of elements compared to other metal
systems. The lower filled-circle H-P measurements were obtained for fully polycrystalline flow
beginning from the largest grain size points for which larger dimension specimens had been employed to
insure a sufficient number of grains in the specimen cross-section, thus giving mrkse = k. = 1.5
MPa.mm?*? (33). The top-most open-circle points apply for other less pure material measurements
obtained as part of a broader investigation of temperature and strain rate effects that are to be discussed
(34). A value of k. = 2.5 MPa.mm'”? is obtained for these data. An early compilation of both 6o and ke
values has been given for aluminum and for other fcc, bce and hexagonal close-packed metals and alloys
(35). More recent reports on the importance of specimen size effects in differentiating between single
crystal and polycrystalline behavior have been reported: for pure aluminum by K.-H. Kim, H.-K. Kim and
Oh (36); for 1100 aluminum by Kwon, Huh and Kim (37); and for nickel by Keller and Hug (38).

A later compilation of H-P measurements for the initial proof or yield stresses of a variety of 98.65 % or
purer aluminum materials and covering a very large range in grain sizes was assembled by Wyrzykowski
and Grabski as shown in Fig. 4 (39). An evaluation of the H-P slope values (microstructural stress
intensities) were found to be in the range 0.3 < k. < 2.1 MPa.mm%2 with average value of k. = 1.3
MPa.mm*2, The k. values compare with the two values of 1.5 and 2.5 MPa.mm*? obtained from Fig. 1.
A substantial range in values of oy are seen directly in Fig. 4. Wyrzykowski and Grabski pointed to the
importance of texture in accounting for the range in 6o Values and to the mis-orientation character of the
grain boundary structures in determining ke, thus relating to the observations of Hultgren (25) whose H-P
dependence is marked by the number 9 in Fig. 4. The smallest ‘grain size’ results, marked 18-21 in the
figure inset, are for £ taken as the subgrain size including number 19 for the referenced measurements of
Ball (23). Armstrong had given an earlier comparison of H-P k. values based on both grain and subgrain
sizes (40).
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Figure 4. A compilation of H-P dependencies reported for relatively pure aluminum materials (39).

Strain, Temperature and Strain Rate Dependencies



The pioneering measurements made by Carreker and Hibbard (31) were reported without assessment in
terms of the H-P parameters, oo, and ke, but nevertheless show on examination decreasing values of both
parameters with increase in temperature, more so in c.. A Weak strain rate dependence of the flow stress
was measured by Carreker and Hibbard. Fujita and Tabata later reported measurements made of H-P
yield and flow stress dependences at various € values and at 77, 200, 293, 373, 473 K (41). At 293 K, the
yield stress ky = 1.8 MPa.mm2? and was found to anomalously decrease with decrease in temperature. In
addition, the post-yield stress H-P dependencies beginning at € ~ 0.03 separated into two linear H-P
relations. In a region of larger grain size, 1.3 < £¥2< 3.5 mm™?, relatively lower co; and higher k. values
were measured as compared with a same value of k. reported both for the yield stress and flow stress at
smaller grain sizes up to €2 < 5.5 mm™2. Very likely, as will be seen, the reduced strain hardening that
is reflected in the larger grain size flow stresses should be attributed to an influence of texture. Such
result would be consistent with the general observation of k. being relatively larger when a well-defined
yield point is observed but then to be followed by a relatively constant k. value for the flow stress
dependence.

Hall-Petch dependencies have been measured also for the complete ambient temperature stress-strain
behaviors of pure aluminum by Hansen (33, 42). Figure 5 shows the progressive H-P flow stress
dependencies at a number of increasing tensile true strain values. The H-P dependence shown at € = 0.01
is the same result shown in Fig. 3. Hanson importantly compared the 6o. dependence on € with the Taylor
prediction of a parabolic o - € dependence and with a single crystal mrtv — € measurement for a crystal
with [111] tensile axis orientation to represent Kocks” multi-slip orientation (6). A satisfactory near-
parabolic strain dependence was found but, somewhat surprisingly, better match was found with a lower
Sachs orientation factor, ms = 2.24, previously determined for activation, on average, of the so-called
Schmid orientation factor for operation of a single fcc slip system over the full range of crystal
orientations. The comparison could be interpreted as well to indicate that the average polycrystal grain
does not experience strain hardening to the same extent as occurs for a [111] tensile axis single crystal.
Also, Hansen made a comparison of the aluminum H-P dependence with a stronger one measured for
copper (43), as also will be compared here in later discussion.
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Figure 5. An H-P dependence for the stress-strain behavior of 99.99% aluminum (33).

Al-Haidary, Petch and de los Rios had obtained very comparable tensile results to those of Hansen at
ambient temperature for both a super-pure 99.98% and commercial 99.2% material and reported
additional measurements both at higher temperatures of 200 and 400°C (44) and at a lower temperature of
77 K (45). Except for a very low H-P dependence established for a proportional limit stress of o = 3
MPa and ko = 0.7 MPa.mm*?, the 6,02 and higher flow stresses again gave a same k: = 2 to 2.5 MPa.mm®?



increasing with plastic strain to € = 0.20 for the purer material. Comparison was made also with
measurements made of a stronger H-P dependence for an aluminum-2.25% magnesium alloy, following
on from the same comparison made between the Carreker and Hibbard aluminum measurements obtained
at € = 0.05 and yield point behavior for an aluminum-3.5% magnesium alloy in reference (29). Al-
Haidary et al. provided near-parabolic curves for the co. dependencies of all three materials at ambient
temperature and 200 °C and gave an interpretation of the results in terms of the dislocation density, p, that
may be tracked to the original theory of Taylor (4) and expectation of a parabolic o; — € curve but with 6o
replacing o. (46). The addition of the k.¢" term provided evidence that slip transmission across grain
boundaries continued to be required during plastic straining. At higher temperatures, evidence was
provided of dislocation annihilation occurring and, at lower temperatures, transition occurred to a linear
dependence on p and subsequent hardening due to the difficulty of cross-slip. Ogilvie and Boas had first
reported cross-slip occurring in aluminum at the time of its originally being reported to occur in surface
slip step height observations made on deformed a-brass by Maddin, Mathewson and Hibbard (47).

Dorn has reported on interpretation of the low temperature deformation properties of aluminum and
related metals and alloys in terms of thermally-activated dislocation migration and including, among a
number of issues, characterizations of dislocation intersections, solute strain centers and cross-slip (48).
Such important influence of temperature (and strain rate) enters largely into the oo, dependence that has
been elaborated also on a dislocation mechanics basis by Zerilli and Armstrong (49, 50) in the so-called
Z-A relations:

o: = 60Gs + Bexp[-BT] + Bo[ei(1 - exp{-e/e})]exp[-aT] + k.2 [3]

In Eq. (3), coce is an athermal stress dependent on the dislocation density, subgrain structure and solute,
and B, B, Bo, &, and a are experimental constants that are physically based in dislocation mechanics. The
second and third terms on the right-side of the equation are derived from a thermal activation influence,
othe = G: — [Goc + K:L2], on the material yield stress and strain hardening, respectively. Equation [3] is
expressed in a general form potentially applicable to both fcc and bce metals and alloys; some hcp metals,
such as magnesium, zinc, and cadmium follow an fcc-like behavior while others, such as alpha-titanium,
zirconium and hafnium follow a bcc-like behavior. The strain rate dependence, de/dt, is obtained from
the (B, a) parameters that follow a weaker dependence:

(B, o) = (Bo, o) — (P1, 01)In(de/dt) [4]

The first three terms on the right side of Eq. [3] are normally combined in c¢.. In contrast with the bcc
case for which the temperature and strain rate dependence is in the (second term) yield stress, these
dependencies for fcc metals are principally in the strain-hardening. As a consequence, B=0= o = 1
thus leading to the simplified fcc relation:

0: = Gocs + Boled(1 - exp{-e/e})Jexp[-aT] + ke [5]
The second term on the right side takes account of dislocation annihilation, as described by Al-Haidary et

al., and of dynamic recovery that leads to a lessor increase in dislocation density, p, than described in the
Taylor model (50). At small strains, the term approximates to the Taylor parabolic €2 dependence.



Equation [5] has been used to describe extensive measurements reported for copper materials (49). Zerilli
and Armstrong had given an estimation of several of the Z-A temperature parameters for aluminum (51).
Other constants have been given for AA7075-T6 material (52) and for a modified Z-A relationship (53).
The weaker strain rate dependence indicated in Eq. [4] increases for very high rate loading in shock
impact tests and for comparable strain rates achieved in shock-less isentropic compression tests.

Shock and Shock-less Isentropic Compression Experiments

The Z-A equations were developed principally to describe high rate deformations such as impact and
leading to shock loading and equivalent strain rates in shock-less isentropic compression experiments
(ICEs). Huang, Asay and colleagues have investigated such conditions for ultrapure aluminum (99.9998
%) and for various aluminum alloys including polycrystalline and single crystals (54-56). Yield stress
measurements as high as 90 GPa were reported but without indication of H-P dependence (54). Follow-
up comparison in tests on single crystal and polycrystal material confirmed the lack of H-P dependence
(55). Additional high pressure measurements on aluminum under quasi-isentropic compression generated
higher yield stresses (56).

Armstrong, Arnold and Zerilli have reported on both shock and ICE types of very high rate loading and
pointed to the different considerations of dislocation generation being important at a propagating shock
front as compared with dislocation drag resistance controlling migration of the resident dislocation
density in shock-less isentropic compression (57). Experimental results on Armco iron and copper were
analyzed. An H-P dependence was determined for the shock-induced Hugoniot elastic limit stress, oHeL,
determined by deformation twinning for Armco iron. The subsequent value of o;, found to be
independent of grain size, was explained in terms of the plastic deformation being necessarily
accommodated at the much smaller nano—scale points all along the propagating shock front. For
equivalent strain rates reached in shock-less ICEs, a different situation occurs of the uniformly rising
compressive stress driving the resident dislocation population at such extreme velocity as to be retarded
only by the crystal lattice determined dislocation drag. Higher stresses are required.
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Figure 6. Strain rate dependence of shock-induced plasticity.



Figure 6 shows experimental measurements and predictions obtained on aluminum materials (31, 57-60).
The previously mentioned strain rate dependent results obtained by Carreker and Hibbard are superposed
on the abscissa scale at the lowest strain rates. Mocko, Rodriguez-Martinez, Kowalewski and Rusinek
reported split-Hopkinson pressure bar results obtained on commercial AA 7075-T6 material for which the
strain rate dependent Ao, measurements are plotted in Fig. 6 (58). Swegle and Grady had reported
pioneering measurements on aluminum material that followed the indicated power law relationship drawn
in the figure (59). The highest stress results by Crowhurst et al. (60) have been fitted to a linear
dependence predicted as a limiting case of the Z-A analysis (57). Malygin, Ogarkov and Andriyash have
provided a dislocation model description of shock wave results obtained on aluminum and related
materials (61). Gurrutxaga-Lerma, Balint, Dini and Sutton (62) have reported elastodynamic model
calculations of the strain rate dependence leading to homogeneous dislocation generation in aluminum.

H-P dislocation pile-up model

Both Hall and Petch attributed the inverse square root of grain size dependence exhibited for the yield and
cleavage strength measurements made for their steel materials to the dislocation pile-up model proposed
at about the same time by Eshelby, Frank and Nabarro (63). In the review by Armstrong (35), a value of
k = 23.4 MPa.mmY? was reported for the pronounced lower yield point behavior of mild steel at ambient
temperature. A lessor k10 = 12.4 MPa.mm"? was determined for the H-P flow stress dependence, thus
indicating by the reduction in value that a high kiy, is associated with a pronounced lower yield point
stress determined by carbon locking of dislocations in the grain boundary regions, such as depicted in Fig.
2. Zener had proposed earlier that such pile-ups, analogously associated with a model of a shear crack
impinging on a grain boundary, were responsible for the yield stress dependence on reciprocal square root
of grain size of brass material (64) and for the mechanism of cleavage fracturing of steel (65). Li and
Chou produced a seminal description of dislocation pile-up characteristics (66). Armstrong has given a
later review of the dislocation pile-up model equations for the H-P dependence (67).

Analogous Pile-Up/Shear Crack Description
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Figure 7. Comparison of dislocation pile-up and crack size predictions (67).



In the pile-up model description, ks is described as a microstructural shear stress intensity, analogous to
the macroscopic stress intensity specified in the fracture mechanics of pre-cracked materials (68). Figure
7 illustrates an example connection between the H-P calculations for a single-ended, double ended, and
circular pile-up geometry and the counterpart fracture mechanics equations for an edge crack, internal
crack, and circular crack geometry. In the figure, ro =~ b is a dislocation core radius. At small grain sizeS
or crack sizes, the figure shows that there is divergence from a continuum description of the crack size
dependence as compared with the discontinuous pile-up equation descriptions that are quantized in terms
of b or ro. As will be seen, such consideration becomes important at the limiting strength properties to be
described for nano-scale grain size material.

Far lessor k. values are measured for plastic yielding, as expected, compared with the cleavage kc = 100
MPa.mm?"? obtained for the low temperature fracturing of iron and steel materials. For general yielding
and subsequent plastic flow, the pile-up model for an ideal slip band provides for evaluation of k. = mrks:
in terms of the local shear stress, tc, on the lead dislocation in a pile-up (30) as

kg = I’T‘IT[7tr1’lsGb‘C(:/2()L']l/2 [6]

In Eq. [6], mt and ms are the Taylor and Sachs orientation factors mentioned above, G is the elastic shear
modulus, b is the dislocation Burgers vector, and o' = 2(1 —v)/(2 — v) = 0.8 is an average factor for a
screw or edge dislocation character. On this basis, then, the H-P pile-up model description leads to two
shear stresses controlling polycrystalline plasticity: o, for the average “friction’ shear stress for
dislocation movement within the grain volumes; and, tc, for the local stress gauging the obstacle
resistance to transmission of plastic flow across the grain boundary. Two reasons for k. being relatively
large are tc being higher for the yield point associated ‘dislocation locking’ in the grain boundary region,
as indicated schematically in Fig. 2 (29, 69), and for the combined reasons of mr, ms and tc being large
for secondary slip or twinning systems to operate in the grain boundary regions. The former effect is best
illustrated by steel for which the H-P relation was initially established and the latter effect is particularly
important for hcp metals and alloys that generally show intermediate k. values between those of bcc and
fcc metals (29, 70). A kup dependence on carbon segregation at grain boundaries, as in Fig. 2, has been
recently reported even in the fcc case of a high manganese austenitic steel (71).

Aluminum H-P k. Determined by Cross-Slip

The importance of (post-Taylor) cross-slip to understanding the deformation and strain hardening
behaviors of fcc metals led to the notion that cross-slip could be responsible for determining the value of
ks in pure fcc metals (40), especially because of association between the low k. value for aluminum and
its ease of cross-slip. An absence of easy glide and early onset of cross-slip in an aluminum single crystal
allowed Taylor to match the deformation curves of single crystal and polycrystalline aluminum. Bell
provided a later compilation of cross-slip shear stresses, T, in aluminum and in other fcc single crystal
deformation results relating to the fit of Taylor-type parabolic strain hardening (72). A critical review of
the important cross-slip deformation mechanism associated with strain rate effect, hardening, recovery,
and microstructural evolution has been given by Puischl (73). Alankar, Field and Zbib have incorporated
the mechanism into a model for the development of dislocation densities in single crystals (74).



Figure 8 provides a schematic description of cross-slip occurring in the aluminum bi-crystal experiments
of Clark and Chalmers (9, 75). Cross-slip of dislocations at the pile-up tip is proposed to establish a limit
on the critical value of tc specified in Eq. [6]. Of course, T > 10, for most single crystal test orientations.

rotation
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Figure 8. Model for cross-slip in an aluminum bi-crystal deformation experiment (9, 74).

An early comparison (40) had been made for aluminum and copper of similar temperature dependencies
for their cross-slip shear stresses, T, (72, 76) and k:? values (41, 77) compiled from reported data.
Likewise, similar strain rate dependencies were established for copper t and k:? values (78). Such
prediction had been established earlier for H-P measurements reported for (hcp) magnesium material in
which co; was shown to follow the same temperature dependence as that for the basal slip resolved shear
stress, T(oon<11-205, and ke was shown to follow the same temperature dependence as for the resolved
shear stress for the prism slip system, t{io-103<11-20> (79).

Metal Shear modulus Burgers vector T Theoretical k.  Experimental k.
(GPa) (nm) (MPa) (MPa.mm'?) (MPa.mm??)
Al 25 0.29 4.5 1.2 1.5
Ni 62 0.25 17 3.3 4.9
Cu 30.5 0.256 29 3.1 5.0
Pb 4.8 0.35 1.6 0.33 0.43

Table 1. Comparison of H-P Predicted and Experimental k. Values.



More recently, the prediction of ambient temperature values of k. values determined from Eq. [6] have
been compared with experimental measurements. Table 1 provides such comparison for aluminum (33),
nickel (80), copper (43) and lead (81) materials. The experimental k. values compare very favorably with
those tabulated by Hansen (82).

H-P Application to Aluminum Alloys

An important review of early 20" century development of aluminum alloy technology was given by Dean
(83) in an article giving great credit to very relevant metallurgical contributions of Zay Jeffries; see also
for example the pioneering reference to Jeffries on grain size effects in metals (84). Dean described
pioneering contributions made by Jeffries on: aluminum alloy casting technology, particularly Al-Si and
Al-Si-Cu alloy developments; aluminum alloy thermal expansion properties; beneficial microstructural
refinement via high solidification rates; heat treatment for solid solution strengthening and *aging’ for
atomic clustering/precipitation strengthening; and aluminum alloy development for forging operations.
Interesting connection on the importance of thermal expansivity in aluminum alloy developments may be
seen in reported measurements of local plasticity produced by cyclic thermal straining of Al-Si alloy and
other composite materials (85, 86). A recent report has been given by Czerwinski, Kasprzak, Sediako,
Emadi, Shaha, Friedman and Chen on high temperature Al-Si-Cu-Mg base alloys with Zr, V, and Ti
micro-additions successfully developed for automotive power trains (87).
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Figure 9. Extended H-P application to yield strength of Al-Si alloy materials (88).

Figure 9 shows application by Erginer and Gurland of the H-P model description to yield stress
measurements made for Al-Si alloy materials in which the two-phase (intercept) mean free path length, A,
has been substituted for the average grain diameter, £ (88). The grain size determined H-P results of
Carreker and Hibbard (31) and specimen size affected results of Fleischer and Hosford (32), shown in
Fig. 3, are plotted near to the origin of the current figure that also indicates thereby a same value of k; =
2.5 MPa.mm'2, Liu and Gurland had indicated a same type result for higher carbon spheroidized steel
materials (89). Morrison and Leslie had demonstrated analogous type result for lower carbon steel
materials (90). Thus, one aspect of alloy strengthening caused by precipitates is to effectively refine the



microstructural scale. Earlier, Ansell and Lenel had proposed an inverse square root dependence for the
yield strength dependence of dispersion strengthened, sintered aluminum powder material (91).

H-P for Solid Solution Strengthened Alloys

Suzuki and Nakanishi reported H-P measurements for Cu-Al and Cu-Ni alloys (92) and then presented a
detailed dislocation pile-up model description for the H-P dependence of the yield stress for fcc alloy
materials (93). Measurements of greater k. values for the two alloys and also Cu-Zn materials were
interpreted in terms of the alloy solute segregating in the grain boundary region analogous to the situation
for carbon in steel; see Fig. 2. Very interestingly, a smallest increase in k. occurred for the Cu-Ni system
for which nearly the same k. values are measured for each one of the pure materials; see Table I. Mention
was made of the temperature dependence for the Cu-Al k. being the same as that for copper; this relating
to the mentioned account (77) of k.2 following that for the cross-slip shear stress, T Other direct
application of an H-P description to yield stress measurements made on several Al-Mg solid solution
alloys is shown in the compiled results of Fig. 10 (94) including the pure aluminum result and H-P
temperature dependence for Al-2-25 Mg (45). Results on Al-Li and Cu-Zn (brass) alloy materials were
also presented (94).
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Figure 10. Compiled H-P dependencies for Al-Mg alloys (94).

Other H-P connection has been made for textured Al-Li 2090-T8E41 alloy relating to its very significant
anisotropic plastic deformation and cracking behavior associated with both a laminated grains exhibiting
a crystallographic texture (75). The material is a candidate for the structural application in the aerospace
industry. The surface structure of a residual macro-indentation was employed to demonstrate the plastic
anisotropy of the elongated grain structure. Microscopic grain boundary protrusions into the residual
circumferential crater were taken to demonstrate grain size strengthening in an analogous manner to that
described by Polanyi (2). Delamination type cracking was described for dislocation pile-ups reactions
based on the material having an ideal copper or brass texture. A later report has been made by Tayon,
Crooks, Domack, Wagner and Elmustafa has related the delamination cracking to orientation variants of a



brass texture (95). The fracturing was attributed to “a lack of slip accommodation across the [grain]
boundary, which promotes significantly higher deformation in one grain and, and stress concentrations
that promote delamination ...".

Serrated Plastic Flow

The strong grain size dependence associated with serrated plastic flow in metal alloys has been reviewed
by Antolovich and Armstrong (96). Original deformation curves reported for an Al-Cu-Mn alloy in 1923
by Portevin and Le Chatelier (97) and in 1949 on a commercial aluminum material by McReynolds (98)
were reproduced in the review. Cottrell had explained the PLC behavior in terms of sequential dynamic
interaction of diffusing substitutional solute with deformation-induced dislocation migration (99) but,
until the present time, little attention has been given to the importance of a substantial grain size
dependence of the behavior relating to an H-P dependence. There is an important strengthening effect at
lower strain rate because of the behavior that is analogous to the strain aging behavior observed for
carbon in steel. Wagenhofer, Erickson-Natishan, Armstrong and Zerilli investigated the strain rate and
grain size dependent behavior for the commercial Al-4 wt. % Mg alloy 5086, also containing 0.4 wt. %
Mn and 0.15 wt. % Cr (100). Figure 11 shows a comparison of the higher flow stress measurements
made on as-received material in an H-32 cold-worked and proprietary recovery treatment as compared
with the material in a (lower stress) fully-annealed condition and with Al-4.5 Mg results and pure
aluminum material. Serrated flow was observed for example at a strain rate of 10 s and an absence of
serrations was observed for a lower flow stress at a higher strain rate 0.36 s*. The increased
strengthening at lower strain rate was compared with very high rate loading measurements and a Z-A
model description of them. The PLC behavior is a particularly important research topic in current
investigations of nickel superalloy materials (101).
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Figure 11. H-P dependencies for Al 5086 alloy material (100).

Ultrafine to Nano-Scale Grain Sizes



Extension of the conventional H-P measurements to nano-scale grain sizes of steel materials gave
indication that increases of yield and fracture stresses would occur by an order of magnitude in the k.02
term; see Table I in (102). An H-P dependence was demonstrated for nanocrystalline aluminum by
Bonetti, Pasquini and Sampaolesi (103). Mukai and Hugashi reported ductility enhancement measured
for an Al-14 wt%-14wt% Mn alloy that followed an H-P dependence and was produced by crystallization
of amorphous powers by hot extrusion (104). Hokka, Kokkonen, Seidt, Matrka, Gilat and Kuokkala have
reported high rate torsion results for ultrafine-grained 1070 aluminum material (105) and Khan, Suh,
Chen, Takacs and Zhang demonstrated strain rate dependent plasticity for nanocrystalline aluminum in
dynamic loading tests (106). The combined issues of structural morphology, boundary spacing, boundary
mis-orientations and dislocation density were described for nanostructured aluminum by Huang,
Kamikawa and Hansen (107). Bazarnik, Huang, Lewandowska, and Langdon reported H-P behavior for
an Al-5Mg alloy processed by the method of high pressure torsion (108).

Meyers, Mishra and Benson had produced an earlier comprehensive review of mechanical properties for
nanocrystalline materials (109). Li edited an important book on the topic (110). Armstrong produced a
recent review article (111). Figure 12 shows a comparison of conventional and nano-scale H-P results
plotted on a log/log scale for aluminum, copper and nickel materials. On such log/log basis, a relatively
constant value of 6; = 6o is approached at large grain sizes and a linear slope of -1/2 is approached at
very small grain sizes. In Fig. 12, the conventional grain size (open symbol) measurements have been
referenced already for aluminum (31), copper (43), and nickel (38). The nickel results, shown at a
relatively larger strain of & = 0.14 with accompanying k 14 = 2.15 MPa.mm*?, had been achieved after an
initial value of Kooz = 5.17 MPa.mm*?was measured. The nickel measurements show an essentially
constant value of k. =~ 5 MPa.mm*? (112), very near to the same value as obtains for copper (43); see
Table I. The reason for the same initial k. values is attributed to the product, Gtc = Gt in EQ. (6), thus
compensating for a two-times increase in G for nickel by a reduction of approximately one-half in .
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Figure 12. Conventional and nano-scale H-P results for Al, Cu and Ni (111).

The ultrafine grain size measurements for aluminum, copper and nickel materials were compiled from
results reported, respectively, by Tsuji, Ito, Saito and Minamino (113); L. Lu, Chen, and K. Lu (114); and



Torrents, Yang and Mohammed (115). In Fig. 12, the finer grain size measurements for aluminum
showed a relatively larger k. = ~3.5 MPa.mm'? at larger grain size then increasing to ~4.5 MPa.mm*? at
smaller grain sizes in which a significant yield point behavior was also observed. Such larger k.
associated with yield point behavior relates to the earlier-mentioned results for austenitic steel (71). The
transition to the stronger grain size dependence occurred also at the point of the yield stress becoming
equal to the ultimate tensile stress. The yield stresses for the ultrafine grain size measurements are shown
to increase by an order-of-magnitude or more for aluminum and copper, and this is also true for nickel
when compared on a yield stress basis. Recent report has been of precipitate and grain boundary
influences on strength levels reached above 1.0 GPa and plastic stability of sub-micron aluminum micro-
pillars (116).

Thermal Activation in K;

The value of tc in EqQ. (6) provides for the possibility of thermal dependence in accordance with the Z-A
description given in Egs. (3) — (5), with proviso that tc is not too large (81). The k. values have been
demonstrated to be thermally activated, first, for the hcp metals (117, 118) and then for fcc metals (40).
As a consequence, the shear strain rate sensitivity parameter, v* = kgT[oIn(dy/dt)/Otre)]t , with kg being
Boltzmann’s constant, takes on an H-P type grain size dependence from Egs. (3) and (6) given by the
relationship

(I*) = (Lve*) + (Ko/2mrtcvc™) 02 (7)

In Eq. (7), vo* is the activation volume determined from strain rate influence on oy and the H-P
dependence follows from the thermal product, Trncv*c being constant (40, 119) and so long as the
athermal component of 1c, that is tec, is not too large. Figure 13 shows connection of conventional grain
size nickel measurements of Narutani and Takamura (112) made by Armstrong and Rodriguez (120) to a
combination smaller grain size measurements for copper and nickel materials compiled by Asaro and
Suresh (121) and, also, with mixed-in nickel measurements reported by Weng (122), and with copper
measurements reported by Lu et al. (114) for nano-twinned material taking the twin spacing, A, as the
effective grain size. The two solid Eq. (7) curves are predicted for 195 and 300 K (120).
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Similar strain rate dependent nanoindentation hardness measurements made for conventional and ultrafine
grain size Al 99.5 material, as those shown on the right side of Fig. 13, were obtained by May, Hoppler
and Goken (123), as reported by Meyers et al. (109). The strain rate sensitivity measurements in this case
were reported in terms of the parameter, m = [0ln(de/dt)/(dInc)]r. A constant value of m was found over a
range of strain rate for both grain sizes that, for the ultrafine grain size material, was from 103 to 1.0 s,
With the hardness, H = 3o, a value of v* is obtained as

v* = 3kgT/mH (8)

On such basis, v* for the conventional grain size material gave relatively constant higher values in the
range ~80 to ~70 b® as compared with the ultrafine grain size material giving a smaller value of v*
decreasing with increasing strain rate from ~11 to ~8 b?, in both cases decreasing with increasing strain
rate. The trend of the aluminum v* values are consistent with those shown for copper in Fig. 13.

Grain Size Weakening

At the smallest A values shown in Fig. 13, a reversed H-P dependence was reported for ¢ by Lu et al.
(114) as indicated in the top-left corner of the figure and accounted for in terms of constitutive equation
behavior at higher temperatures (68). For this case, which behavior is generally observed for £ <~20 nm,
there is grain size weakening similar to that observed at very high temperatures of grain boundary
shearing and diffusive deformations occurring more easily than transgranular slip or twinning (84, 124).
Balusubramanian and Langdon had reported creep-connected superplastic flow for an equal-channel
angular pressed (ECAPed) sub-micrometer Al-Mg-Sc alloy material for which grain boundary sliding was
proposed to be accommodated by intragranular flow of dislocations (125). The same authors have
produced a more recent review covering superplastic flow observed for a compilation of aluminum- and
magnesium-based alloys as well demonstrating appreciable Hall-Petch based strengthening at nano-scale
grain sizes (126). Presumably for the weakening aspect of such limiting nano-scale material, the H-P
induced very high stress state brings into play localized shear deformations within the grain boundaries.
Pande and Cooper have provided an important review of the limiting transition to nanoscale weakening
behavior (127). Mompiou, Legros, Boé, Coulumbier, Raskin and Pardoen have provided important in-
situ TEM tensile test observations of intergranular dislocation motion in the grain boundary plane of
aluminum thin film material and provided comparison with their own measurements of transgranular
plasticity (128). Padmanabhan, Sripathi, Hahn and Gleiter have reported on their own model description
of grain/interphase boundary sliding as applied to reported measurements of an inverse H-P effect in Al-
Cu-Fe nanoquasicrystalline alloy and nanocrystalline Zn and Ni materials, including the prediction of
superplastic flow (129). Kong and Fang have produced an important review of grain boundary relaxation
measurements first observed in internal friction measurements made on polycrystalline aluminum at
above ambient temperatures and now including vertical bi-crystal boundaries, as in Fig. 8, along with
limited results reported thus far on ultrafine grain size materials (130).

Tensile Plastic Instability, Fracturing and Fatigue



Important research results have been obtained on aluminum materials that again serve to elucidate a
similar range in the broader aspect of material properties including topics of tensile instability, shear
banding, ductile fracturing and fatigue behavior. Because of its low H-P microstructural stress intensity,
ke, value, aluminum doesn’t show any remarkable tensile instability behavior other than providing, in line
with normal fcc type constitutive behavior, a greater uniform true strain to maximum load at greater strain
rate (131) and a minor susceptibility to shear banding behavior (132).

Tensile Instability/Fracturing

Figure 14 shows an important comparison of H-P yield stress measurements (open triangles and circles)
and true stress at maximum load values (closed circles) for accumulatively roll-bonded (ARB) and
annealed high-purity aluminum material able to be obtained from very complete measurements reported
by Kamikawa, Huang, Tsuji and Hansen (133). The larger grain size open triangle points were obtained
for cold-rolled and annealed material. The smaller grain size, paired circle A, B, C, and D points, were
associated with significant H-P strengthening from the outset of straining but with appreciably reduced
uniform strain leading to rapid onset of plastic instability, compared to the larger grain size points E and F
that showed extended strain hardening until reaching the plastic instability stress.
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Figure 14. Yield and maximum true stress for accumulative roll-bonded (ARB) All.

Basinski had produced a pioneering analysis of tensile instability as related to the onset of shear banding
in pure and commercial aluminum materials tested at 4.2 K (134). No account was made of grain size
influence until Chin, Hosford and Backofen showed an H-P dependence for their own fracture stress
measurements also made at 4.2 K (135). An evaluation of the aluminum measurements was made as part
of a comparison with steel material yield-to-fracture strength measurements (136). On an H-P basis, the
aluminum ductile fracture stress gave oor = ~540 MPa and ke = ~54 MPa.mm"?2. The value of kr was
found to be two times larger than a theoretical brittle fracture stress value employing the theoretical true
surface energy measurement thus giving very significant evidence of plastic flow on cracking even at 4.2
K. Lassance, Fabreégue, Delannay and Pardoen have reported on the micromechanics of ambient and
higher temperature fracture of 6xxx aluminum alloys (137). More recently, a comprehensive report has
been made by Khadyko, Myhr, Dumoulin and Hopperstad on the importance of texturing in the 6xxx
alloys, particularly concerning the influence of alloying elements in solid solution and as precipitates, on
the corresponding yield stress and strain hardening behaviors (138). Valuable references to historical



measurements dating to the early twentieth century researches of Taylor and Elam are included. Shakoori
Oskooie, Asgharzadeh and Kim have reported on achievement of reasonably high strength and ductility in
Al-Mg-Si Al6063 alloy with a bimodal ultrafine grain and coarse grain structure (139). Very
interestingly, tensile fracturing was attributed to elongated-hole delamination from internal necking of the
coarse grain component, somewhat similar to a description of the true fracture strain attributed to hole-
joining from de-cohered particles in a ductile fracturing model developed by Petch and Armstrong (131).

An H-P based explanation has been given of the minor amount of shear banding that occurred under the
circumstance even in the Basinski case of such low temperature testing (140). In a broader situation, the
onset of shear banding has been attributed to the occurrence of dislocation pile-up avalanches in materials
exhibiting high values of the microstructural stress intensity, k. (141). Figure 15 shows on the basis of
the inset pile-up avalanche equation, a prediction of susceptibility to shear banding measured by the
slopes of lines to coordinate points of theoretical shear fracturing, ks, versus thermal conductivity, K*, for
a number of metals (142). The difficulty of producing shear banding in aluminum may be compared with
the well-known susceptibility of shear banding in Ti6Al4V material. Shear strain localization
measurements have been recently reported for AA 2219-T8 aluminum alloy in split-Hopkinson
compression bar tests at high strain rates in which cracking occurred along the shear bands and was
associated with dispersed second phase particles (143).
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Figure 15. H-P dislocation pile-up avalanche model for shear banding.

Fatigue

As mentioned above, Gough had produced pioneering comments on the fatigue behavior of aluminum
multi-crystals in the 1928 Faraday Society Proceedings (3). Aluminum occupies a unique position in
development of aerospace technology. Forsyth, Stubbington and Royal Aircraft Establishment colleagues
produced a breakthrough description of slip-band extrusions developed on the surface of pure aluminum



material under cyclic loading (144, 145). Cottrell and Hull reported observations of both extrusions and
intrusions produced by cyclic slip in copper tested at temperatures as low as 4.2 K (146). The
observations built onto the original description by Thompson, Wadsworth and Louat of cyclically-
induced persistent slip bands (PSBs) in copper (147). Figure 16 shows connection of surface structure,
dislocation (pile-up) activity and dipole formation as developed under cyclic stress conditions (148).
Broom, with Whittaker, also first described an important role for generation of vacancies and enhanced
diffusion mechanisms for effecting over-ageing behavior in aluminum alloy systems (149) and then added
comment on cross-slip being an important mechanism in effecting fatigue (150).

Cyclic intrusion Cyclic extrusion

Figure 16. Schematic surface extrusion/intrusion and internal dislocation structure.

Armstrong and Phillips reported on specimen size and H-P based grain size effects in compiled
measurements made on a-iron, low-carbon steel and a-brass materials (151), to be followed by
compilation of other H-P description of comparative brass results (21). Turnbull and de Los Rios
produced H-P measurements made of an endurance limit in commercially pure aluminum material and
attributed the dependence to the grain boundaries providing barriers to dominant crack growth (152).
Agreement between cyclic stress strain measurements and H-P grain size effect was reported for other
aluminum material by EI-Madhoun, Mohamed and Bassim (153). The nature of PSBs in a number of
commercial aluminum materials was modeled by via finite element description by Baxter and Wang
(154). Emphasis was given to PSB behavior being more important than crack growth consideration.
Zhang and (Z.G.) Wang produced an important review of grain boundary effects on the cyclic stress-
strain curve and fatigue damage with assertion that interaction of PSBs and grain boundaries played a
decisive role in intergranular fatigue cracking (155). In line then with expectation for ultrafine grained



material, an overview has been given of specific improvements in fatigue behavior produced by equal-
channel angular pressing ECAP of copper, aluminum, AA6061 alloy, and a-brass materials (156). The
results are in agreement with the general description made later of H-P based grain size reduction
providing improved fatigue properties for other ultrafine-grained copper material (157, 158). Valiev,
Estrin, Horita, Langdon, Zehetbauer and Zhu have reported most recently on the very significant
advances being made on production via severe plastic deformation of bulk ultrafine-grained aluminum
alloy and other materials with outstanding improvements in strength and ductility (159).

SUMMARY

The plastic deformation and ductile fracturing properties of aluminum and certain aluminum alloys have
been reviewed with particular attention given to the use of a Hall-Petch description of grain size aspects
of the material behaviors. Initial focus is on the historical role of aluminum in having provided important
support for the Taylor theory of dislocation-effected metal plasticity. Microstructural aspects of
polycrystalline grain, subgrain, and grain boundary features have been described, especially in the
direction of pointing to important strengthening effects at nano-scale grain sizes. An interpretation of the
H-P dependence of strength property measurements is provided on the basis of a dislocation pile-up
representation of slip bands forcing cross-slip at aluminum and other pure fcc metal grain boundaries.
Measurements of temperature, and strain rate influences are described in terms of additional relationship
to the physically-based Zerilli-Armstrong relations that have been developed from a dislocation
mechanics description of thermally-activated plasticity, including shock-induced deformation and
description of comparable deformation rates achieved in shock-less isentropic deformations.
Measurements are presented for a number of aluminum alloys. Grain size aspects of strain ageing, tensile
plastic instability, shear banding, ductile fracturing and fatigue properties have also been reviewed.
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