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Abstract

Micro-compression testing was conducted using high purity Al processed by equal-channel
angular pressing (ECAP) with both coarse-grained (CG) and ultrafine-grained (UFG) samples. The
effects on the flow stresses of the initial grain size and the specimen size were investigated and the
results show the initial grain sizes and the specimen dimensions affect the flow stresses during
micro-compression for both CG and UFG specimens. There is a transition from strain hardening to
strain softening with decreasing grain size during micro-compression but the transition grain size is
dependent upon the size of the specimen. These results are interpreted using a model based on the
separate influences of dislocation annihilation and dislocation accumulation in the UFG and CG
materials, respectively. The results demonstrate that the occurrence of surface roughening is
improved when using UFG pure Al and this shows there is a significant potential for using UFG pure

Al in micro-forming operations.
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1. Introduction

Over the last twenty years, the fundamental requirements for the fabrication of micro-parts have
increased significantly due primarily to the rapid development of micro-electro-mechanical systems
(MEMS). Micro-manufacturing is now becoming an important technology due to the increasing trend
for miniaturization where micro-forming is defined as the production of parts or structures having at
least two dimensions in the sub-millimeter range. In practice, micro-forming is rapidly becoming one
of the promising micro-manufacturing techniques due to the potentials for high productivity, low cost
and good mechanical properties [1-3].

Nevertheless, although the knowledge of tool design and fabrication methods are now well
established for conventional macro-forming, there is evidence that the presence of size effects may lead
to a breakdown in these basic manufacturing characteristics when the specimen dimensions are scaled
down to the micro-scale [4, 5]. To date, significant attention has been directed to examining the
geometry size effects in micro-deformation [6]. For example, it was shown that the flow stress
increases with decreasing specimen thickness when the ratio of specimen size to grain size is reduced
below a critical value [7].  Similar results were also reported for several different materials [8-10].
In an investigation of the influence on mechanical properties and strain hardening of the material
thickness and grain size, and specifically on the thickness to grain size ratio, it was shown that three
deformation domains may be identified [11]: these domains were specifically designated as
polycrystalline, multicrystalline and quasi-single crystalline, where the designations depend upon the
thickness and the numbers of grains across the sample thickness. A study of size effects in

miniaturized polycrystalline samples indicated that grain size, grain orientation and the nature of the



grain boundaries all play important roles in delineating the intrinsic competition between the
strengthening and weakening contributions [12].

As a consequence of the ongoing and increasing need for miniaturization, the grain size of
conventional coarse-grained (CG) materials, which is typically a few to several tens of microns,
becomes reduced to the same scale and with the characteristic dimensions of the micro-parts. In
practice, if only a few grains are present in the micro-component then the response to the applied forces
will show significant variations such that the reproducibility of the mechanical properties will become a
serious problem in any micro-forming operation [13]. It follows, therefore, that these size effects are
critical and must be considered in micro-forming in order to fabricate high quality micro-components.

By comparison with CG materials, ultrafine-grained (UFG) materials have the potential for
simultaneously fulfilling two important conditions [14]. First, the average grain size is generally
smaller than the smallest dimension of the component and this guarantees reproducible properties.
Second, the grain size is sufficiently fine to ensure a high strength and fracture toughness. In addition,
it is anticipated that materials with ultrafine grains will exhibit good formability over appropriate
ranges of temperature and strain rate [15]. Therefore, it is reasonable to conclude that the grain size is
the dominant factor determining the limiting size of the geometrical features that may be conveniently
fabricated by micro-forming and this means in practice that very small grain sizes, and especially
materials having ultrafine submicrometer grain sizes, are attractive for use in micro-forming operations.

It is now well established that UFG materials are most easily produced through the application of
severe plastic deformation (SPD) to large bulk samples [16] using processes such as equal-channel

angular pressing (ECAP) [17] and high-pressure torsion (HPT) [18]. Recent research has



demonstrated the potential for using UFG materials for applications in micro-forming at elevated and
ambient temperatures [19, 20]. Nevertheless, only very limited information is at present available on
the micro-forming deformation behavior when the material grain size is reduced to the sub-micrometer
level although these problems are beginning to attract attention within the materials science community
[21-24].

The present research was initiated specifically to examine the micro-compression behavior of high
purity aluminum having grain sizes from the ultrafine scale to the coarse scale achieved by ECAP
processing and annealing treatments. The surface roughness and microstructural evolution after
micro-compression were investigated for both UFG and CG pure Al and the effects on the deformation
mechanism of the initial grain size and specimen dimensions were critically analyzed.

2. Experimental material and procedures

Pure aluminum of very high purity (99.999%) was used in this investigation. The high purity
aluminum was supplied in the form of drawn rods having diameters of 10 mm and lengths of ~70 mm.
These rods were annealed in air for 1 hour at a temperature of 773 K to obtain an initial grain size of
~300 um. The experimental investigation followed four separate steps as illustrated schematically in
Fig. 1.

In the first step, processing by ECAP was conducted at room temperature using a die with an
internal angle of 90° between the two parts of the channel and an outer arc of curvature of 20°at the
point of intersection [25]. This geometry leads to an imposed strain of ~1.0 on each separate pass
through the die [26]. The billets were sprayed with an MoS, lubricant and processed repetitively by

ECAP through 8 passes corresponding to a maximum imposed strain of ~8. All samples were



processed using route B¢ in which the sample is rotated by 90° in the same direction between each pass
[27] where this processing route was selected because it leads most expeditiously to an array of
equiaxed grains separated by a high fraction of high-angle grain boundaries [28].

In the second step following ECAP, billets were machined along the extrusion direction (ED) by
electric discharge machining (EDM) to give small cylinders having dimensions of 4 (diameter) x 6
(height), 2 x 3 and 1 x 1.5 mm x mm. The transverse direction (TD) was located randomly for this
machining and this is reasonable based on the lack of any orientation dependence of hardness
measurements after processing by ECAP [29]. The specimens were then prepared by micro-forward
extrusion at room temperature using three different dimensional tools with diameters of 2, 1 and 0.5
mm. These extruded billets were cut and ground to form micro-compression specimens having good
dimensional accuracy with specimen diameter, D, x specimen height, Hy, of 2x 3, 1 x 1.5 and 0.5 x 0.75
mm x mm, respectively.

Before micro-compression testing, the micro-compression specimens were annealed for 1 hour at
temperatures of 423, 573, 673 or 773 K, respectively, and the microstructures were then observed using
an FEI Quanta 200FEG field emission scanning electron microscope (FESEM) with the data analyzed
using a TSL OIM system. Samples were prepared for the microstructural observations by slicing the
as-pressed billets perpendicular to the pressing direction to give disks having thicknesses of ~3 mm.
One side of each disk was ground on SiC papers and mechanically polished with 0.5 um diamond paste
and the disks were then electro-polished to mirror-like surfaces using a solution of 10% HCIO4 and
90% C,HsOH with a DC voltage of 35 V under a temperature of 253 K. This procedure is

summarized as the third step in Fig. 1.



In order to remove the scratches formed by grinding, all samples were electro-polished to smooth
surfaces using the same solution and conditions in the fourth step in Fig. 1. Ultimately,
micro-compression testing was conducted with engineering strains, &, of 30% or 50% using an Instron
machine at room temperature (~298 K) with initial strain rates in the range from 3.3 x 10* t0 0.1 s
No lubricants were used during these tests in order to avoid any frictional effects on the flow stresses
[30] and finally the surface morphologies were examined using FESEM.

3. Experimental results
3.1 Microstructural characteristics after processing

Representative OIM images are shown in Fig. 2 for micro-compression specimens after
processing by ECAP through 8 passes and micro-extrusion (a) without additional annealing and after
annealing for 1 hour at (b) 423, (c) 573, (d) 673 and (e) 773 K, respectively. The average grain sizes,
d, were calculated directly from the OIM images using grain-to-grain instead of pixel-to-pixel
measurements [31] and these values are recorded in the top row of Table 1. The grain size of ~1.3 um
obtained from processing by ECAP through 8 passes is directly consistent with several reports
describing the processing of pure Al by ECAP [32-36]. It should be noted from Fig. 2(a) that there is
little or no change in grain size after the micro-compression so that the influence of the micro-extrusion
may be neglected.

Following the annealing treatment, the grain size increased from ~1.5 um at 423 K to a maximum
of ~150 um at 773 K. The Taylor factor was analyzed by OIM using a slip system of {111}<1-10>
and a deformation gradient for uniaxial compression. The average Taylor factor, M, after processing

by ECAP was about 3.06 which is equal to the value for untextured polycrystalline face-centered cubic



(f.c.c.) metals. W.ith increasing annealing temperature, the average values of M decreased to 2.64 at
673 K and then abnormally increased to 3.19 at 773 K. These values are given in the bottom row of
Table 1 and the two middle rows summarize the measured percentage fractions of low-angle grain
boundaries (LAGBs) and high-angle grain boundaries (HAGBS).

3.2 The stress-strain behavior

The relationship between true stress and true strain is shown in Fig. 3 for the micro-compression
samples with a diameter of 2 mm for different grain sizes of (a) 1.5 and (b) 150 um at strain rates from
3.3 x 10" to 0.1 s*. For all testing conditions, the true stress at a true strain of ~0.3 after
micro-compression decreases with decreasing strain rate which corresponds to the deformation
behavior after micro-tensile testing with CG materials [37].  An obvious yield phenomenon is evident
in the curves for the UFG material shown in Fig. 3(a) but this is not apparent in the curves for the CG
aluminum shown in Fig. 3(b). In addition, there is no clearly defined effect of strain rate on yield
stress for the CG material and also for the UFG material expect at the highest strain rate of 0.1 s™.
However, it is readily apparent that the yield strength decreases from ~120 MPa for the UFG Al to ~25
MPa for CG Al and this confirms that the grain size is a dominant factor which determines the
micro-deformation behavior.

Plots of true stress versus true strain are shown in Fig. 4 for different specimen diameters in
micro-compression using samples with grain sizes of (a) 1.3, (b) 4.0 and (c) 150 um. The results
show that, as noted also in earlier experiments [38,39], the true stress decreases with decreasing
specimen diameter not only for the conventional CG material but also for the UFG Al.  These results

demonstrate that the specimen dimension has a significant effect on the micro-compression behavior



which means that a size effect continues to exist even in the micro-deformation of UFG materials. In
addition, the true stress increases with increasing true strain for the micro-compression samples with 2
mm diameter which demonstrates the occurrence of strain hardening. Nevertheless, there is clear
evidence of strain weakening with decreasing specimen diameter and this weakening becomes more
obvious with decreasing grain size for the specimens having the smallest diameter of 0.5 mm. These
results confirm, therefore, that the deformation mechanism in UFG aluminum is different from that in
conventional CG aluminum.

Figure 5 shows plots of true stress versus true strain of micro-compression testing with different
grain sizes for specimen diameters of (a) 2, (b) 1 and (c) 0.5 mm at a strain rate of 1.0 x 10 s™ using
an engineering strain of 30%. The results show that the UFG Al without an annealing treatment
exhibits the highest yield stress and flow stress and also that the flow stress and yield stress decrease
with increasing grain size from 1.3 to 25 pum where the latter is consistent with results from cold-drawn
specimens [39] and ECAP samples [40]. However, the flow stress and yield stress for a grain size of
150 pum are larger than after micro-compression testing of specimens with a grain size of 25 um. The
results are generally similar for all samples with different specimen sizes of 2, 1 and 0.5 mm.
Furthermore, there is an obvious transition in Fig. 5 from strain hardening to strain weakening with
decreasing grain size.

3.3 The surface topography recorded by SEM

Figure 6 shows the surface topographies of the compressed specimens with diameters of 2, 1 and

0.5 mm and grain sizes from ~1.3 to ~150 pm. Inspection shows that the geometries of the

compressed samples become irregular with micro-compression testing. Thus, the surfaces are not



circular for the CG Al with a grain size of 150 um and a diameter of 2 mm as shown in Fig. 6(a) and
the geometries become more irregular with decreasing specimen size as shown in Fig. 6(b)-(c).
Inspection of Fig. 6(c) shows the occurrence of folding in the compressed micro-size specimen with a
diameter of 0.5 mm.

By comparison with the CG Al, the non-uniform deformation may be improved significantly by
decreasing the grain size from 25 to 1.3 um as shown in Fig. 6(d)-(g) where the compressed specimens
are cylindrical with smooth surfaces. The non-uniform deformation improves with decreasing grain
size for both the macro-size and the micro-size specimens as shown in Fig. 6(d)-(i) and the decrease in
non-uniformity of the compressed specimens of macro-size is more significant than for compressed
specimens of micro-size. Finally, it is apparent from Fig. 6 that the surface roughening increases with
increasing grain size for both the macro-size and micro-size specimens and the surface roughness
increases with decreasing specimen size.

3.4 Microstructural observations by EBSD

Detailed microstructural information is given in Fig. 7 for pure Al with a grain size of 1.5 um and
the same information is given in Fig. 8 for the material with a grain size of 25 um. In both displays,
the microstructures are shown in (a-c) along the compressive direction near the centers of the
compressed samples and the misorientation angle distributions in (d-f) were recorded at the centers of
the samples using grain-to-grain measurements which lead to abnormally high fractions recorded in
each distribution at the lowest recorded angle [31].

In Fig. 7(a), (b) and (c) the microstructures are shown after 50% micro-compression with initial

specimen diameters of (a) 2, (b) 1 and (c) 0.5 mm and Fig. 7(d), (e) and (f) provide the corresponding



misorientation angle distributions. It should be noted that these specimens were deformed to 50%
specifically for surface topography by SEM but in practice there was no clear difference between the
30% and 50% samples.

It is readily apparent that ultrafine grains with average sizes of ~1.0 um remain at the center after
micro-compression although the grains are slightly elongated in the radial direction. The average
value of the misorientation angles remains essentially constant at ~27% for each specimen size and the
misorientation angle distributions remain unchanged for the fractions of LAGBs (2-15°) and HAGBs
(>15°) which is similar to the misorientation angle distribution of the initial specimen before
micro-compression testing. The high fraction of HAGBs suggests that grain boundary sliding (GBS)
and grain rotation may be important deformation mechanisms during the micro-compression of UFG
pure aluminum. It should be noted that this conclusion is consistent with other experimental data on
UFG pure Al showing the occurrence of GBS at room temperature during micro-compression of
cold-rolled pure copper [38], depth-sensing indentation of UFG pure Al [40,41] and tensile testing of
UFG pure Al [42,43] and with data showing GBS in a UFG Al-30% Zn alloy processed by HPT and
then compressed as micro-pillars [44,45].

Similar results are shown in Fig. 8 after annealing at 673 K to produce a grain size of 25 um.
Figure 8(a) shows the microstructure at the center of the sample after 50% micro-compression with an
initial diameter of 2 mm where some of the initial grain boundaries are marked by white arrows and the
surrounding grains are generally elongated perpendicular to the compressive direction. Within the
elongated initial grains, many sub-grains of almost equal size are newly generated and delineated by

LAGBs that are indicated by yellow lines. In addition, some new small grains with HAGBs are
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formed near the initial grain boundaries. In Fig. 8(b) for a diameter of 1 mm, there are many fine
grains and sub-grain boundaries but the original larger grains remain in the upper area of the
compressed sample which compares with the uncompressed sample shown in Fig. 2(d). For a
specimen size of 0.5 mm in diameter, Fig. 8(c) shows the microstructural features similar to the results
in Fig. 8(b) with a 1 mm diameter. For the misorientation angle distributions, the average value of the
misorientation angles increases from ~13% to ~16% with decreasing specimen diameters from 2 to 0.5
mm after 50% micro-compression. The fractions of LAGBs decrease from ~72% to ~66% and the
fraction of HAGBs increases from ~28% to ~34% with decreasing specimen size from 2 to 0.5 mm
which is different from the misorientation angle distribution of the initial specimen before
micro-compression testing.
4. Discussion
4.1 Strengthening behavior during micro-compression of pure Al

It is readily apparent from Fig. 5 that there are two different strengthening behaviors in UFG pure
Al.  The first strengthening mechanism is grain size dependent and arises because the grain
boundaries represent obstacles to easy slip transfer [47]. This effect derives from the Hall-Petch
relationship which is given by [48,49]

o, =0, +kd™"? (1)

where oy is the yield or flow stress, d is the grain size and oo and k; are constants.

To check on the applicability of this relationship, the values of the true stress are plotted against
d*? in Fig. 9 for specimen diameters of (a) 2, (b) 1 and (c) 0.5 mm. All of these plots are mutually

consistent and they demonstrate that the Hall-Petch relationship is valid for all specimen sizes when
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d™2 > 0.2 um™2 but there is a marked increase in the Hall-Petch slope at the largest grain size.

The deviation in the Hall-Petch plot in Fig. 9 for a grain size of ~150 um at d™? = 0.08 pm™?
appears to be affected by specimen size such that the deviation is reduced with decreasing size from 2
to 0.5 mm. At large strain, many of the LAGBs evolve into HAGBs which are then indistinguishable

from the original grain boundaries so that, assuming an identical strengthening for these two types of

boundaries, the value of d is replaced by dnace and the new flow stress, o, may be expressed as [50]

o =0, +MaG,[L5b(S,0) ., +k (&)diss 2
where o, is the appropriate friction stress, a is a constant, G is the shear modulus, b is the Burgers
vector, S, is the area of boundaries per unit volume and @ is the misorientation angle. Thus, the
flow stress is related to the contributions from both LAGBs and HAGBs [51]. When the grain size is
less than 4 um, the contribution of LAGBs may be neglected due to the small fraction of LAGBs and
the flow stress is then effectively described by eq. (1). However, when the grain size is of the order of
~25 um, the fraction of LAGBs is larger than the fraction of HAGBs and the distribution of LAGBs
cannot be neglected. In addition, the contribution of LAGBs becomes larger due to the higher faction
of LAGBs of 68% when the grain size is further increased to 150 pum.

As documented in Table 1, the Taylor factor M of pure Al with a grain size of ~150 um is ~3.2
which is larger than the Taylor factor of ~2.6 for pure Al with a grain size of ~25 pm. It is well
established that large values of M indicate that deformation requires large amounts of slip and expends
plastic work through the deformation of grains in hard orientations [52]. In practice, the stress
required to deform these hard orientation grains is much larger than for soft orientation grains in f.c.c.

metals [53]. Thus, it follows from eq. (2) that the flow stress after micro-compression for pure Al
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with coarser grains of ~150 pum is larger than for a grain size of ~25 pum as demonstrated in Fig. 5.
4.2 Softening behavior in the micro-compression of pure Al

There is a softening behavior in the flow stress with a reduction in the specimen size in Fig. 4 both
for the specimen of CG pure Al with a grain size of ~150 um and for specimens of UFG pure Al with a
grain size of ~1.5 um. Reductions in the flow stress in micro-compression and micro-tensile testing
was investigated extensively in earlier experiments [54-57] and it appears that the specimen size effect
is only significant when the sample size decreases to dimensions comparable to about 10 times the
average grain size [3]. Nevertheless, the present investigation provides clear evidence for softening
behavior in the UFG pure Al. It is now established that a mechanical behavior modification with a
strong decrease in flow stress may arise from a soft surface layer effect for specimens having less than
four grains across the thickness [11].

Accordingly, a surface layer model can be presented to explain the specimen size effect on flow
stress as depicted in Fig. 10 which is based on a combination of grain boundary strengthening and
surface grain effects [37,58-60]. The model assumes that the deformation behavior of the surface
grains is different from the internal grains since the surface grains are less constrained [7,61]. It
follows from this model that the decrease in flow stress with decreasing specimen size is then attributed
to the increase in the volume fraction of the surface layer with decreasing D. Using this surface layer
model, the flow stress may be described by considering the relative contributions of the surface grains,
the constrained grains and the internal grains through the expression

o(e)=f.o,(e)+ .o, (€)+ fio; (€) (3)

where o,(¢), o.(¢), and o,(¢) are the flow stresses of the surface grains, constrained grains and
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internal grains, respectively, and f,, f., and f are the corresponding volume fractions of the

¢
surface grains, constrained grains and internal grains, respectively. The volume fraction of surface
grains increases with decreasing specimen size and it is known that the flow stress of the surface grains
is lower than for the internal grains and constrained grains [38] since grain boundary sliding becomes
dominant for the less constrained surface grains. This approach also follows, and is consistent with,
the conventional interpretation of grain boundary sliding in polycrystalline materials where it is well
established that there are differences in the sliding behavior between surface grains and internal grains
[62]. It follows therefore that the flow stress in micro-compression is anticipated to decrease with
decreasing specimen size. In addition, the flow stresses at a true strain of ~0.3 are reduced to ~46 and
~45 MPa for CG pure Al with average grain sizes of ~150 and ~4 um, respectively, and there is a
corresponding reduction to ~56 MPa in UFG pure Al with a grain size of ~1.3 um when the specimen
size is reduced from 2 to 0.5 mm as shown in Fig. 4. These results show that the UFG pure Al has a
much higher reduction in flow stress during the micro-compression testing.

It should be noted that there is also another type of softening which is different from the specimen
size effect. Figure 4 shows there is a transition from strain hardening to strain softening during
micro-compression with decreasing grain size and this is especially evident when testing UFG pure Al
at the micro-scale specimen size with a diameter of 0.5 mm. It is apparent from Fig. 6(a) that the flow
stress deceases with increasing true strain during micro-compression of pure Al with an average grain
size of ~1.3um and Fig. 11 shows representative TEM microstructures at the center of compressed
samples of UFG pure Al and CG pure Al. Thus, the grain shape is different between these two

samples where the grains are elongated in the compressive deformation in the CG pure Al but the
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grains remain ultrafine and essentially equiaxed in the UFG pure Al. These features agree with those
microstructures observed by EBSD shown in Figs 7 and 8. For the CG pure Al samples, many
dislocations are visible and there are sub-grain boundaries within the grains whereas for the UFG pure
Al samples there are relatively few dislocations within the grains. It is considered that the
dislocations introduced by compression are easily annihilated at grain boundaries since there are many
HAGBs in the UFG pure Al and this leads to the consequent softening behavior during
micro-compression.

Based on the results from this investigation, it is possible to develop a schematic illustration of the
effect of the initial grain size on the stress-strain behavior in unidirectional compression as shown in
Fig. 12. Initially, in the early stages of compression of the UFG aluminum, dislocations accumulate at
the initial grain boundaries leading to an increase in the flow stress. With a further increase of the
imposed strain, the dislocations are annihilated at the many HAGBSs in the deformed material.  This
leads to a decrease in the flow stress and a consequent softening behavior during micro-compression.
By contrast, dislocation accumulation leads to sub-grain boundary formation in the coarser grains of
the CG pure Al and these sub-grain boundaries hinder the passage of dislocations leading to a
consequent hardening. The schematic illustration in Fig. 12 provides an excellent match to the
experimental results shown in Fig. 5.

4.3 The surface roughening effect in micro-compression of pure Al

The development of surface roughening during micro-compression is important because it affects

adversely not only the overall ease of formability but also the reliability of the finished product since an

increase in roughness may initiate strain localization leading to cracking in the micro-formed product.
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In addition, the occurrence of surface roughening accelerates tool wear due to the increase in interfacial
friction. Thus, the size effect on surface roughening becomes an important factor in practical
applications and must be considered when undertaking all micro-forming operations.

Earlier studies noted that the local deformation may vary significantly both within the grains and
among the arrays of grains so that restrictions near the grain boundaries can lead to grooving on the
surfaces of compressed specimens [39]. The surface roughening phenomenon was very obvious in
this investigation after micro-compression of CG pure Al for both the macro-size and the micro-size
specimens and it is readily evident from inspection of the surface topographies of the compressed
samples shown in Fig. 6. Furthermore, the geometries of the compressed samples become more
irregular with decreasing specimen size, not only for CG pure Al but also for the UFG pure Al.

There are several reasons for the development of surface roughness in the micro-compression of
pure Al. First, the deformation accommodated by slip bands generated during micro-compression
may increase the surface roughness in CG pure Al as shown in Fig. 6 (a)-(c). Second, the surface
grains are not sufficiently constrained so that grain boundary sliding occurs easily during the
micro-compression and the resultant sharp offsets at the boundaries also increase the level of surface
roughness. Third, the strain incompatibilities between adjacent grains may also cause
inhomogeneities in the deformation, including folding when the free surface grains move normal to the
surface. Therefore, it follows that the surface roughening behavior is related in a complex way to the
specimen size, the grain size and the specific crystallographic orientations within the grains.
Nevertheless, a surface roughening effect was not observed in the micro-compression of the UFG pure

Al specimens as shown in Figs 6(d)-(i). This provides a clear demonstration that the ultrafine grains
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improve the deformation compatibility.

The present results give direct demonstrations of the advantages and the potential applications
associated with the micro-forming of UFG pure Al by comparison with using conventional CG pure Al.
Furthermore, although the present UFG structures were obtained exclusively by using conventional
processing by ECAP, it is reasonable to anticipate that the advantages of UFG microstructures will be
equally apparent when processing samples using the ECAP-Conform process [63,64] or using HPT for
the processing of bulk [65,66] or strip [67] samples.

5. Summary and conclusions

1. Experiments on aluminum of very high purity show that the initial grain sizes and the specimen
dimensions affect the flow stresses during micro-compression of both CG and UFG specimens. The
flow stress increases with decreasing grain size and with increasing specimen dimensions.

2. There is a transition from strain hardening to strain softening in the flow stress curves during
micro-compression with decreasing of grain size, especially for the micro-compression testing of UFG
pure Al at the micro-scale.

3. Dislocation annihilation leads to a decreasing flow stress and a softening behavior during
micro-compression in UFG pure Al. By contrast, dislocation accumulation leads to the formation of
sub-grain boundaries in CG pure Al and these boundaries hinder the dislocation movement increase the
flow stress in the coarser-grained material.

4. Surface roughening is related to the specimen size, the grain size and the crystallographic
orientations within the grains. The occurrence of roughening is improved when using UFG pure Al

due to the improvement in strain compatibility between adjacent grains. These results demonstrate
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the potential application for using UFG pure Al processed by ECAP in micro-forming operations.
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Figure and Table captions
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Fig. 1 Schematic illustration of the four stages of specimen preparation for micro-compression testing

(unit: mm)
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Fig. 2 OIM images for micro-compression specimens (a) without annealing and after annealing for 1

hour at (b) 423, (c) 573, (d) 673 and (e) 773 K.
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Fig. 3 Effect of strain rate on flow stress in micro-compression of pure Al with average grain sizes of (a)

1.5 and (b) 150 pum.

25



160 T T T T T T 160 T T T T T

e
140 | 140 | Specimen diameter D |
s ms - —2mm
120 g _120F = = 1mm i
g g - 0.5mm
=100 {1 =100 R
o T o
@ 80 & B 80 pemm" .. b
o Specimen diameter D o f T
®» 60} —2mm 4 ® 60k i
—_ ()
g 40 Pure Al ésmm S 20 bure Al
5 ... 0.5mm i | —=A i
= ECAP: 90°, Bc, RT, 8 passes = ECAP: 90, Bc, RT, 8 passes
20| Grainsize: 1.3 um i 20} Grain size: 4.0um 4
Micro-compression: & = 30%, & = 1x10° s™ Micro-compression: = 30%, & = 1x10% s™
0 1 1 1 1 1 1 O 1 1 1 1 1 1
000 005 010 015 020 025 030 0.35 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
True strain ¢ True straing

(a) (b)

160 T T T T T T

140 | Specimen diameter D

120

=
o
o

80

60

True stress ¢ (MPa)

40

ECAP: 90°, Bc, RT, 8 passes

20 F Grain size: 150 um

Micro-compression: € = 30%, & = 1x102 s™
1 1 1

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
True strain ¢

(c)

Fig. 4 True stress versus true strain for different specimen diameters for micro-compression samples

having grain sizes of (a) 1.3, (b) 4 and (c) 150 um.
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Fig. 5 True stress versus true strain in micro-compression testing with different grain size for specimen

diameters of (a) 2, (b) 1 and (c) 0.5 mm.
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Fig. 6 SEM images of the compressed specimens having different specimen diameter, D, and grain size,
d:(@D=2mm,d=150 um; (b) D=1 mm, d =150 pm; (c) D=0.5mm, d =150 um; (d)D =
2mm,d=25um;(e)D=2mm,d=4pum (f)D=2mm,d=1.5 um; (g D=2 mm, d = 1.3 pum;

(h)D=1mm,d=1.3 um; (i) D=0.5mm, d=1.3 um.
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ACCEPTED MANUSCRIPT
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Fig. 7 Microstructures and misorientation angle distributions along the compressive direction at the

centers of compressed samples having diameters of (a) 2, (b) 1 and (c) 0.5 mm using UFG pure Al

with a grain size of 1.5 pym
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Fig. 8 Microstructure and misorientation angle distributions along the compressive direction at the
centers of compressed samples having diameters of (a) 2, (b) 1 and (c) 0.5 mm using CG pure Al

with a grain size of 25 pm.
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Fig. 9 The Hall-Petch relationship in micro-compression using different specimen sizes of (a) 2, (b) 1

and (c) 0.5 mm.
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Fig. 10 A surface layer model showing the presence of surface grains, constrained grains and internal

grains.
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Fig. 11 TEM micrographs at the centers of samples after micro-compression of pure Al with average

grain sizes of (a) 1.5 and (b) 25 pum.
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Fig. 12 Schematic illustration of the variations of flow stress with strain for coarse grains and ultrafine

grains tested in micro-compression.

Table 1 Date for pure Al processed by ECAP without and with annealing treatments.

Annealing condition a\é\gégﬁ%; 423K,1h 573K, 1h  673K,1h 773K, 1h
Grain size (um) ~1.3 ~15 ~4.0 ~25 ~150
Fraction of LAGBs (%) 29 33 32 52 68
Fraction of HAGBs (%) 71 67 68 48 32
3.06 3.11 2.65 2.64 3.19

Taylor factor
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