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Abstract 

The continuing demand on device miniaturization has motivated the interest in micro 

metal forming technologies for manufacturing metal parts with sub-mm characteristic 

dimensions.  In this work, axisymmetric reverse extrusion experiments were conducted on Cu 

110 and Al 1100 alloy rod specimens with widely varying initial grain sizes, achieved through 

equal channel angular pressing (ECAP) and post annealing.  Accompanying crystal plasticity 

finite element (CPFE) simulations were carried out.  At a characteristic extrusion dimension 

(CED) of ~100 µm, defined by the sidewall thickness of the extruded cup-shaped structures, the 

deformation characteristics of the reverse extrusion process were investigated.  Specifically, the 

characteristic plastic strain for extrusion and the influence of initial grain size on the extrusion 

mechanical response and shape of extruded parts were examined in detail through scanning 

electron microscopy (SEM) and electron backscatter diffraction (EBSD), in combination with 

CPFE simulations.  The mechanical response of extrusion showed deviations from continuum 

scaling behavior as the CED became small as compared to the initial grain size.  The present 

study serves as a baseline for further studies of metal forming at the meso to micro scales. 
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1.  Introduction  

With the ongoing trend of product and device miniaturization, there exists a growing 

demand for metallic micro parts, examples include mechanical micro connector pins, miniature 

contact springs, and electronic parts with micro features [1].  These micro parts have already 

been widely used in industries such as automobiles, electronics, etc.  Different functional 

metallic micro parts can be produced using a variety of manufacturing processes, including 

micro machining [2 4] and micro forming [5,6].  Micro forming is defined to include forming 

processes to produce parts with at least two characteristic dimensions at the sub-mm scale, and 

has the advantage of low-cost, high-throughput, clean surface finish, and good mechanical 

properties of the formed parts [7].  Often, micro forming has been executed by scaling down the 

macroscale forming processes that have been well established.  However, the existence of 

various mechanical size effects impedes the straight forward transfer of the knowledge gained in 

the macroscale forming domain to forming at characteristic dimensions from hundreds of 

microns and beyond to tens of microns and below.  For example, the deformation behavior of 

metals at sub-mm to micron scales shows a significant and duplex dependence on the external 

specimen size.  Uniaxial compression of ring and pillar specimens of Al revealed that its flow 

characteristic specimen dimension decreases from ~1000 µm to ~1 µm and below, at a relatively 

constant grain size [8]. 

In recent years, extensive studies have 

deformation behavior during various micro forming processes, including micro extrusion [9 13], 

micro deep drawing [14 16], micro-punching and micro-blanking [17 20], micro imprinting and 

micro molding [21 24].  This paper focuses on micro extrusion because of its relative simplicity 

in design and operation and because it exemplifies basic materials issues present in meso to 

micro scale metal forming.  In our previous work, we conducted axisymmetric reverse extrusion 

of Cu, obtained cup-shaped extruded Cu parts with sidewall thicknesses ranging from ~400 µm 

down to ~25 µm, and analyzed the texture evolution and mechanical responses with the initial 

grain size of Cu held approximately constant [25].  A transition from homogeneous to 

inhomogeneous deformation was observed as the sidewall thickness of the extruded cup structure 

decreased, to the point that a relatively small number of Cu grains were present across the cup 

sidewall.  This motivated us to further investigate the influence of microstructure of the material 
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being formed on the mechanical response and deformation behavior during micro forming.  Cao 

et al [12,26] reported grain-size-affected deformation behavior by conducting micro forward 

extrusion on CuZn30 specimens.  The specimens before extrusion had two different average 

grain sizes, ~30 µm and ~200 µm.  The pins extruded using coarse-grained specimens showed a 

tendency to curve, towards different directions and in different degrees of severity.  In contrast, 

this behavior was not observed in pins extruded with fine-grained specimens.  This indicated that 

the coarse-grained specimens underwent inhomogeneous deformation, consistent with results 

from Engel and Eckstein [6].  Most studies available in the literature on micro extrusion [9 13] 

focused on the grain-size affected deformation inhomogeneity, while few examined the grain-

size dependent mechanical response.  The paucity of data on the latter may stem from the 

increased difficulty to obtain accurate mechanical response curves at smaller specimen 

dimensions. 

It is well-known that the yield strength of metals obeys the Hall-Petch relation [27,28]: 

the yield strength is proportional to the inverse square root of the average grain diameter, d.  This 

relation is valid for grain diameter from the mm scale to the sub-micron scale.  However, in most 

micro forming geometries, the relation between mechanical response and initial grain size of the 

material being formed is more complex.  Unlike mechanical testing in simple geometries, e.g., 

uniaxial tension/compression, where the majority of external specimen surfaces is free and 

unconstrained, in metal forming operations, e.g., the present axisymmetric reverse extrusion 

geometry, almost all the surfaces of the material being formed are constrained between the die 

and the punch.  To examine this matter in more detail, in this paper, a microscale axisymmetric 

reverse extrusion experiment was conducted on both Cu 110 alloy and Al 1100 alloy, each with 

three distinctly different average grain sizes.  Deformation behaviors and mechanical response 

curves, i.e., total compression force vs. punch penetration depth, were obtained and analyzed.  

Accompanying crystal plasticity finite element (CPFE) simulations were also performed to 

provide additional insight on the respective effects of grain size and initial texture on the 

mechanical response and shape of the extruded part.  The present work demonstrates grain size 

effects in micro forming and provides baseline data for future work. 

 In what follows, Section 2 describes procedures for experimentation and CPFE 

simulations; Section 3 presents major results and discussion; and Section 4 gives a brief 
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summary.  Further details on experimentation and simulation are presented in Supplemental 

Material. 

 

 

2.  Procedures and Methodology 

2.1  Experimental procedures  

The equal-channel angular pressing (ECAP) protocol presents an efficient method for 

grain refinement by imposing severe plastic deformation on the workpiece [29,30].  We custom 

designed and constructed an ECAP device to process commercial Cu 110 alloy (Cu 99.9 at.%+) 

and Al 1100 alloy (Al 99.9 at.%+) rod specimens of 3mm in diameter.  Following ECAP, Cu and 

Al rod specimens were subjected to vacuum annealing at ~10-7 Torr at different temperatures and 

durations to achieve varying final grain sizes.  Further information on ECAP and specimen 

annealing is given in Section S1 of Supplemental Material. 

Uniaxial compression testing of ECAP processed and annealed 3 mm diameter rod 

specimens was conducted on a hydraulically driven MTS 858 uniaxial testing frame.  True stress 

 true strain (  - ) curves were obtained by compressing rod specimens between one pair of 

steel platens.  Further details on the protocol for uniaxial compression testing has been reported 

elsewhere [25]. 

Axisymmetric reverse extrusion was conducted on ECAP processed and annealed Cu and 

Al rod specimens, 3 mm in diameter, using a previously designed and built die-and-punch set.  

Further details on the design and construction of the extrusion setup were also described 

previously [25].  Cu and Al cylinders were placed into a nominally 3.0 mm diameter, blind, 

cylindrical hole within a die.  During reverse extrusion, cylindrical rod punches with diameters 

of 2.60 mm and 2.80 mm were centered with respect to the die hole and compressed into Cu and 

Al cylinder specimens.  Additional extrusion runs were conducted on Cu rod specimens with an 

initial average grain size of ~8 m, using 2.2 mm and 2.95 mm diameter punches.  Cup-shaped 

parts resulted from the reverse extrusion process, the sidewall thickness, t, varied with the punch 

diameter, D.  The reverse extrusion was conducted on the same hydraulically driven MTS 858 

system.  Load control was used for all extrusion experiments, at a loading rate of 10N/s and an 

unloading time of 100 s.  Typical total run time, including loading and unloading, was ~ 1000 s.  

In all extrusion runs, no lubricant was used and dry contact occurred between the punch, die, and 
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the extruded Cu(Al) material.  The total compression force, P, on the punch was measured 

through a MTS load cell with a full range of 25 kN.  The total displacement of the actuator, total, 

was measured from readings of the linear variable displacement transducer (LVDT) attached to 

the actuator.  A set of P  total curves were measured as a function of D, with multiple 

measurements performed at each D value on nominally identical rod specimens. 

An FEI Quanta3D FEG Dual-Beam scanning electron microscope/focused ion beam 

(SEM/FIB) instrument was used to examine the grain size and grain morphology of the starting, 

ECAP processed, and annealed rod specimens as well as reverse extruded cup-shaped parts.  The 

SEM/FIB instrument included an electron backscatter diffraction (EBSD) attachment (EDAX).  

Prior to EBSD examinations, specimens were mechanically polished using SiC papers of 

different grit sizes, followed by a final ultrasonic vibratory polishing with 50 nm silica 

suspension on a Pace Technologies GIGA 0900 Vibratory Polisher for 12 hours.  EBSD mapping 

was performed at 30 kV and 23 nA at a scan step of 0.5 µm for initial rod specimens and 0.2 µm 

for as-extruded cup-shaped parts.  Raw EBSD data was then analyzed with the TSL OIM 

software. 

2.2  Methodology of crystal plasticity finite element simulations 

Three-dimensional CPFE simulations [31 33] were performed to simulate the 

deformation process of polycrystalline Al rod specimens during axisymmetric reverse extrusion.  

Only the slip modes of plastic deformation were enabled, no twinning was allowed.  Under this 

condition, qualitatively similar results are expected from simulations of deformation of Cu 

samples, as will be discussed later.  The simulation setup, illustrated by Fig. 1(a), featured a 

quarter model of rod specimens, 1.5 mm in height and 3 mm in diameter.  Symmetric boundary 

conditions were applied on surfaces perpendicular to x- and y- directions (referred to as x and y 

faces), respectively.  Specifically, displacements ux = 0 on the x face and displacements uy = 0 on 

the y face.  The die-sample and punch-sample contacts were modeled as frictionless contacts.  

Three punch diameters, D = 2.73 mm, 2.60 mm and 2.40 mm, were considered, giving rise 

respectively to three extruded cup sidewall thicknesses of t = 135 m, 200 m and 300 m.  To 

help the convergence of the implicit finite element simulations, the edge of the punch was given 

a fillet radius of R = 200 m.  The total punch displacements simulated were 204 m, 300 m 

and 434 m, respectively, for the three different t values.  The choice of the punch displacements 

ensured the formation of extruded cups with the same nominal height of H = 1205 m.  A total 
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of five samples with varying initial grain sizes, d = 375 m, 255 m, 188 m, 112 m, and 20 

m, were considered.  The models contained 50, 160, 400, 771 and 65400 grains, respectively, as 

shown in Figs. 1(b)-1(f).  These grains were generated by the Neper software using Voronoi-

based tessellation [34,35].  The initial orientations of the grains are also generated by Neper to 

mimic a powder texture, i.e., a near-random distribution of orientations [36].  Even so, it may be 

difficult to reproduce a truly randomized texture for samples with few grains (such as the 50-

grain case).  For models contained a low number of grains, namely 50, 160, 400 and 771 (see 

Figs. 1(b)-1(e)), each grain was meshed into a number of elements.  For the model containing 

65400 grains (see Fig. 1(f)), each element represented one grain.  To improve computational 

efficiency, the mesh size of the reverse extrusion models is non-uniform with the finest 

elements, with a mesh size of 40 m, placed near the top perimeter and coarsest element placed 

near the bottom.  This strategy, best illustrated in Fig. 1(f), ensured that the regions undergoing 

the extrusion plastic flow had the highest mesh density.  Material at the bottom portions of the 

models, even though having the coarsest mesh density, only provides essential elastic support.  

Therefore, the artificial grain coarsening effect in the 65400-grain model due to mesh variations 

is not expected to impact the predicted overall load response during extrusion. 

For clarity, the meshing is not shown for the models containing 50, 160, 400 and 771 

grains, but all models were meshed following the strategy for the 65400-grain model (see Fig. 

1(f)).  Owing to similar efficiency considerations, the grain size for the model containing 771 

grains (see Fig. 1(e)) has been substantially coarsened near the base of the model.  All models for 

reverse extrusion contained 70,000 ~ 90,000 elements.  The most densely meshed regions in the 

reverse extrusion models, as stated, have a mesh size of 40 m.  A quick mesh convergence 

study, shown in Section S2 of Supplemental Material, indicates that this mesh size can capture 

the stress distribution caused by the extrusion geometry reasonably well. 

The CPFE simulations of reverse extrusion were performed using ABAQUS® with an 

user defined subroutine (UMAT) developed by Marin et al., the detailed derivation and 

numerical implementation of which were well documented [31,33,37].  Therefore, only a brief 

description of the model formulation is given below.  The present authors have utilized this 

model to analyze the tensile deformation characteristics of nanoscale metal adhesion layers 

sandwiched between ceramic layers [38]. 

The slip kinetics, assumed to be identical for all slip systems, has the following form: 
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,      (1) 

where   is the characteristic (or reference) shear 

strain rate,  

while  is the current resolved shear stress (RSS)  is given by its rate, i.e., 

,      (2) 

where  and  h0 is the initial strain 

hardening rate, due to dislocation accumulations.  To calibrate the associated kinematic constants 

for single crystal Al, material point simulations comprising 500 grains using mean field 

assumptions were performed [33,38].  The calibrated constants, along with the elastic constants 

of Al, are shown in Table 1.  As shown in Fig. S2.2 in Section S2 of Supplemental Material, this 

set of constants can reproduce the experimentally observed uniaxial compression behavior of Al 

 

Under the conventional CPFE formalism, the yield point of a material is dependent only 

on the constants selected to describe the slip kinetics (Eqs. (1) and (2)).  The true Hall-Petch 

scaling effect on the yield point cannot be captured unless advanced plasticity theories are 

implemented.  However, a Hall-Petch-like behavior, namely, a grain-refinement-induced 

strengthening effect after the yield point, has been demonstrated through CPFE models [39] by 

maintaining the mesh size and reducing the modeled grain size.  Such strengthening behavior 

likely originates from the artificial stiffening of grains when less elements are involved in a grain, 

which amplifies the effect of the intergranular deformation incompatibility.  To assess this effect, 

we have performed additional CPFE simulations of uniaxial compression and have presented 

results in Section S2 of Supplemental Material.  The precise nature of this behavior, or the 

remedy thereof, is subjected to future studies. 

3.  Results and discussion 

3.1  Grain size and macroscale flow stress of ECAP processed and annealed Cu and Al 

rod specimens 

Figure 2 shows typical microstructures of 3 mm diameter Cu and Al rod specimens after 

ECAP and annealing.  The average grain size, d, was measured by the linear interception method, 

obtained from the average of grain intercepts to 64 horizontal lines automatically generated by 
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the TSL OIM software.  No evidence for significant differences in grain morphology across the 

entire cross section was observed from the rod specimens after ECAP and annealing. 

Figure 2(a) shows an EBSD inverse pole figure (IPF) orientation map of one Cu rod 

specimen annealed at 150  for 1 h after 8 passes through the ECAP device.  An ample amount 

of twinning within Cu grains is observed in the map shown in Fig. 2(a).  The average Cu grain 

size was determined to be ~2 , including intersections with twins in the grain size calculation.  

Two analogous EBSD IPF maps for annealed Cu rod specimens are shown in Figs. 2(b) and 2(c).  

These two specimens were subjected to 1 pass through the ECAP device, and annealed 

respectively at 600  for 8 h and at 800  for 22 h.  The resulting d values were ~8 ~50 

, respectively, again including twin intersections.  Figures 2(d) and 2(e) show two EBSD IPF 

maps obtained from two Al rod specimens subjected to 8 passes and 1 pass through the ECAP 

device, respectively.  The two specimens were then annealed at 200  for 1 h and at 400  for 1 

h, respectively.  No twins are evident from the maps shown in Figs. 2(d) and 2(e), in contrast to 

the numerous twins present within maps shown in Figs. 2(a), 2(b), and 2(c), and consistent with 

the known high twin boundary energy for Al and low twin boundary energy for Cu [40].  The d 

values for the two annealed Al rod specimens were determined from data shown in Figs. 1(d) 

and 1(e) to be ~5  and ~15 , respectively.  EBSD mapping was also conducted on Al rod 

specimens subjected to 1 pass through the ECAP device and annealed at 600  for 24 h.  Only a 

few complete grains were mapped in the 500  × 500  mapping area, indicating that the 

average Al grain size was larger than ~  in this case.  The processing conditions for 

obtaining the final grain sizes in Cu and Al rod specimens for use in axisymmetric reverse 

extrusion are summarized in Table 2. 

Figure 3 shows macroscale mechanical response of ECAP processed and annealed Cu 

and Al rod specimens.  Uniaxial compression true stress  true s - were obtained 

from 3 mm diameter Cu and Al rod specimens with varying initial average grain sizes, shown 

respectively in Figs. 3(a) and 3(b).  In Figs. 3(a) and 3(b), average -  curves obtained from 

averaging up to 6 separate measurements on nominally identical specimens are plotted with 

corresponding error bars.  Power-law fits to the data curves, in the form  = K( - o)
n, are also 

shown, and are seen to yield good representations of the measured data.  For both Cu and Al 

specimens, flow stresses were observed to increase as d decreases.  As d increases, the measured 

- Because of the small rod diameter, contacts between the top 
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and bottom surfaces of Cu and Al rod specimens and the steel platens were not perfectly aligned.  

Such imperfect contacts resulted in early onset of plastic deformation near the contact regions of 

the Cu and Al rod specimens.  Consequently, slopes of the initial portion of the measured -

curves are significantly lower than that corresponding to the expected elastic modulus for bulk 

Cu or Al.  The determination of the initial yield stress from the measured -  is thus more 

uncertain.  However, the influence of such mechanical misalignment on the accuracy of the 

measured -  diminishes at larger strains, and flow stress values at larger strains are more 

reliable.  Values of flow stress at different total strains were obtained through the fitted -  

curves.  Figures 3(c) and 3(d) plot the flow stress values at different total strains, , versus d-1/2 

for Cu and Al rod specimens, respectively.  For both Cu and Al, flow stress values scale linearly 

with d-1/2 at a fixed Fig. 3 demonstrate that the macroscale flow stress 

 of the present ECAP and annealed Cu and Al rod specimens obey the Hall-Petch scaling: 

. 

It is noted that the strain-hardening rate of Al rod specimens demonstrates a clear 

dependence on the initial grain size, i.e., the strain-hardening rate of the coarse-grained samples 

is noticeably higher than the finer-grained ones (Fig. 3(b)).  This is in agreement with what was 

reported in prior studies [41].  Hence, the slope k in the Hall-Petch relation appears to reduce 

with increasing strain.  Similar behavior, albeit less apparent, was also observed for Cu (Fig. 

3(c)).  Indeed, grain-size dependence of initial strain hardening rate has been reported for Cu 

[42].  The higher strain-hardening rate in coarse-grained metals has been attributed to the 

presence of a larger population of geometrically necessary dislocations (GNDs) [43].  At the 

continuum level, the effect of GNDs can be accounted for by the formalism of strain gradient 

plasticity, which is absent from the formulation of the present CPFE model as discussed below. 

3.2  Mechanical response in microscale reverse extrusion  

Axisymmetric reverse extrusion was conducted on ECAP and annealed Cu and Al rod 

specimens.  The raw total compression force vs. the total actuator displacement (P - total) curves 

were measured as a function of the punch diameter D.  The measured total included a system 

compliance contribution, sys.  To assess sys, a separate measurement was made by removing the 

rod specimen from the die hole and having the punch bottom surface contacting the bottom steel 

base plate directly, with all other components in the system remaining the same.  The quantity 

total - sys yields a better measure of the punch penetration into the rod specimen.  To arrive at 
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the actual punch penetration depth into the rod specimen, , one more correction needed to be 

applied to total - sys in order to take into account misfit gaps between the rod specimen and the 

die hole at the beginning of the extrusion experiment.  This was accomplished by measuring the 

actual height of extruded cup structure, H, and calculating  based on the diameters of the die 

hole and the punch, assuming volume conservation.  All raw P - total curves were processed 

following this protocol to arrive at the true mechanical response curves associated with 

axisymmetric reverse extrusion, i.e., the P   curves.  Further details on processing of raw P - 

total curves are presented in Section S3 of Supplemental Material. 

Figure 4 displays so-processed P   curves.  Up to 6 repeat measurements were 

conducted at each combination of initial Cu(Al) grain size and punch diameter D.  Average P   

curves were obtained by averaging results of repeat measurements on nominally identical 

samples, and displayed in Fig. 4 with corresponding error bars.  For both Cu and Al specimens, 

all measured response curves appear to be qualitatively similar, exhibiting an initially stiffer 

section where P increases more rapidly with increasing P 

increases more slowly with  in an approximately linear fashion.  As D increases from 2.60 mm 

to 2.80 mm and the nominal extruded cup sidewall thickness t decreases correspondingly from 

~200 µm to ~100 µm, the measured P   curves show obvious and systematic stiffening, i.e., P 

increases significantly at the same  value as D increases.  This is consistent with our previous 

findings: the extrusion mechanical response showed significant stiffening as t decreased [25]. 

The influence of the starting grain size on the extrusion process is first reflected in its 

influence on the extrusion mechanical response.  In the case of Al, Fig. 4(b) shows that the 

average P   curve associated with d = 5 µm lies above that associated with d = 15 µm, while 

the average P   curve associated with d = 15 µm appears to lie closer to that associated with d > 

200 µm.  In the case of Cu, Fig. 4(a) shows that the average P   curve associated with d = 2 

µm lies above that associated with d = 8 µm, consistent with the Al case.  However, the average 

P   curve associated with d = 50 µm appears to largely overlap with that associated with d = 8 

µm when D = 2.80 mm, and lie above that associated with d = 8 µm when D = 2.60 mm.  Thus 

visual inspection alone suggests that the mechanical response associated with reverse extrusion 

of Cu and Al rod specimens with the largest d value, ~50 µm in the case of Cu and >200 µm in 

the case of Al, may exhibit anomalous behavior, i.e., the average P   curves appear not to 

conform to the same Hall-Petch scaling for the macroscale flow stress. 
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To further quantify this statement, an estimate of a characteristic strain associated with 

the deformation resulting from the axisymmetric reverse extrusion needs to be made.  This is 

because the macroscale flow stress depends on this characteristic strain, as illustrated by the data 

shown in Fig. 3.  It should also be noted that the deformation process associated with 

axisymmetric reverse extrusion leads to inhomogeneous plastic straining within the extruded 

material.  As shown previously, the location where the most severe plastic straining takes place 

is approximately half way along the sidewall of the extruded cup [25].  Figure 5(a) shows a cross 

section of one extruded cup-shaped Cu structure with a sidewall thickness of ~400 µm.  The 

starting average grain size is d ~8 µm.  Figures 5(b) and 5(c) show two distinct EBSD IPF maps 

taken from non-overlapping areas within the middle of the extruded Cu cup sidewall, as 

indicated by the white square area shown in Fig. 5(a).  The observed grain morphologies indicate 

significant plastic deformation, changing the originally largely equiaxed Cu grains shown in Fig. 

2(b) into elongated fibrous grain structures along the extrusion direction.  Figures 5(d), 5(e), and 

5(f) show the point-to-point misorientation angle plots obtained along three paths outlined by the 

black arrows denoted as point A to B, point C to D, and point E to F in Figs. 5(b) and 5(c).  The 

grain width was taken as the spacing between two consecutive peaks, the misorientation angles 

of which differ by more than 15°.  The average grain width, w, was then calculated by averaging 

the so-obtained grain width values.  As shown in Figs. 5(d), 5(e), and 5(f), the number of grains 

obtained along paths A-B, C-D, and E-F are 30, 28 and 30, respectively.  The average w value 

obtained from paths A-B, C-D, and E-F is ~5.0 µm.  Similar EBSD measurements on extruded 

Al cup structures were carried out, with d~15 µm.  Additional EBSD IPF mapping data used to 

extract the average grain widths in the middle of the sidewalls of extruded, cup-shaped, Cu and 

Al structures as the sidewall thickness varies are shown in Section S4 of Supplemental Material. 

Figure 6(a) plots values of so-obtained average grain width, w, in the middle of sidewalls 

of extruded Cu and Al cup structures as a function of the nominal cup sidewall thickness, t.  It 

shows that w does not decrease linearly with decreasing t.  Recognizing that the d values are 

respectively ~8 µm and ~15 µm for the Cu and Al rod specimens, and that the initial Cu and Al 

grains are largely equiaxed, the w value can be taken to reflect the amount of plastic straining 

undergone by the corresponding grains.  An estimate of this characteristic strain, b, was taken as 

ln(d/w).  Then b was plotted versus t, as shown in Fig. 6(b).  Figure 6(b) shows that b increases 

significantly as t decreases.  The reasonable agreement between the Cu case and the Al case, 
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even when the initial grain sizes in the two cases were different, suggests that this characteristic 

plastic strain is mainly a function of the extrusion geometry.  According to data shown in Fig. 

6(b), the characteristic plastic strain values at t = 200 µm and 100 µm are respectively 0.75 and 

1.12 for Cu and 0.84 and 1.10 for Al. 

 The measured extrusion mechanical response, as expressed by the average P   curves 

shown in Fig. 4, is then scaled by the appropriate macroscale flow stresses, .  The compression 

pressure associated with the extrusion process is calculated from the compression load and the 

punch diameter, p = P/( D2/4).  Figure 7 shows p normalized by , plotted versus the punch 

penetration .  For each punch diameter D, the characteristic plastic strain value was obtained 

from data shown in Fig. 6(b).  The corresponding  value was then obtained at this strain value 

for the appropriate starting average grain size, from data shown in Figs. 3(c) and 3(d).  

Examining the p/    curves shown in Fig. 7(b), it is seen that the scaled extrusion mechanical 

response curves for the largest average Al grain size, d>200 µm, lie consistently above the 

curves corresponding to d~15 µm, in line with the impression obtained from a visual 

examination of the average P   curves shown in Fig. 4.  However, the statement is tempered by 

the fact that the scaled curves lie within one standard deviation of another, thus the existence of 

scaling anomaly, if any, is not strong according to the present experimental results on Al.  In the 

Cu case, the p/    curves shown in Fig. 7(a) for the largest average Cu grain size, d~50 µm, lie 

above those corresponding to the ones for d~8 µm, significantly outside the error band.  Thus the 

present experiments on Cu show a clear indication of a scaling anomaly: the extrusion pressure 

scaled by the corresponding macroscale flow stress appears to be stiffer, by 15  20%, for the 

largest Cu grain size, d~50 µm, as compared to that for the medium Cu grain size, d~8 µm.  The 

characteristic extrusion dimension (CED) for the present axisymmetric reverse extrusion 

geometry is defined by the extruded cup sidewall thickness, t.  Results shown in Fig. 7 suggest 

that, at the 100-200 µm length scale, the influence of the starting average grain size on the 

extrusion mechanical response may be such that, as d/t becomes sufficiently large, the extrusion 

response no longer follows the one-parameter scaling with the scaling parameter being the 

macroscale flow stress, as expected from continuum plasticity. 

3.3  Inhomogeneous deformation in microscale reverse extrusion 

Figure 8 shows SEM images of extruded cup-shaped parts using Cu rod specimens with 

various average grain sizes.  At a fixed D = 2.60 mm or t = 200 µm, a change from homogeneous 
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to inhomogeneous deformation is evident as the Cu grain size increases.  More axisymmetric 

cup-shaped parts were formed from Cu rod specimens with d~2 µm (Fig. 8(a)), with the height 

of the extruded cup sidewall being more uniform around the perimeter.  Cups extruded with Cu 

rod specimens with d~50 µm (Fig. 8(c)) exhibit irregular sidewall heights around the perimeter, 

deviating from axisymmetry.  On the other hand, given the same d, decreasing t leads to more 

irregularities in cup height around the perimeter.  The same change from homogeneous to 

inhomogeneous deformation can be seen in extruded cup-shaped Al parts as well.  Additional 

data supporting the above statements are given in Section S5 of Supplemental Material. 

Figure 9 shows EBSD IPF maps of cup-shaped Cu parts, extruded by a punch with D = 

2.60 mm.  Figure 9(a) shows a longitudinal cross section SEM image of one extruded Cu cup.  In 

this case, t = 200 µm and d ~ 2 µm.  Figures 9(c), 9(d), and 9(e) show EBSD IPF maps taken at 

three different locations, denoted respectively as 1 (close to the original top surface of the 

starting Cu rod specimen), 2 (in the middle across the extruded cup sidewall and significantly 

below the original Cu surface), and 3 (close to the bottom corner of the extruded cup structure) in 

Fig. 9(a).  Figure 9(b) shows a longitudinal cross section SEM image of another cup-shaped Cu 

part, with d~50 µm, extruded with the same punch.  Figure 9(f) shows the corresponding EBSD 

IPF map.  From Figs. 9(c)-9(f), it is clear that formation of the cup sidewall from a rod specimen 

with d~2 µm involved a large number of Cu grains.  In contrast, for the Cu rod specimen with 

d~50 µm, only a few Cu grains participated in the deformation.  In the latter case, the orientation 

and location of individual Cu grains strongly affect the homogeneity of deformation, thus 

strongly impacting the final shape of the extruded cup-shaped part, here manifested mainly in 

whether the height of the cup sidewall deviates from axisymmetry.  Similar observations of 

inhomogeneous deformation behavior when the total number of grains participating in the 

forming process becomes small have been made in previous micro forming studies [5,6,26] 

3.4  CPFE simulations of microscale reverse extrusion 

Accompanying the experimental observations shown in Sections 3.1, 3.2, and 3.3, CPFE 

simulations were performed on axisymmetric reverse extrusion of Al.  Because the present CPFE 

model formulation includes slip deformation but not twinning, the choice of simulating Al is thus 

consistent with the experimentally observed lack of twinning in Al.  Furthermore, CPFE 

simulations on Cu using the present model were not performed since we expect similar results, as 

Cu and Al would be simulated with identical deformation modes (slip, albeit with slightly 
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different slip kinetics), without consideration of twinning.  The experimental estimate of the 

characteristic strain associated with the axisymmetric reverse extrusion process finds good 

quantitative agreement with the CPFE simulation results, superimposed as blue solid circles with 

error bars with the experimental data points shown in Fig. 6(b).  To extract the characteristic 

strain from the CPFE simulations, the principal logarithmic total strains were analyzed.  The 

logarithmic total strain has the following form: 

        (3) 

where V is the left stretch tensor, following the polar decomposition of the deformation gradient, 

i.e. F = V  R, where F is the deformation gradient and R is the right rotation tensor.  The mean 

values of the maximum principal strains of extruded cup wall sections were obtained from 

ABAQUS® and then averaged among the simulations performed at the same punch diameter.  As 

shown in Fig. 6(b), this characteristic strain obtained from CPFE simulations clearly increases 

with increasing punch diameter D and decreasing cup sidewall thickness t, and exhibits a similar 

magnitude as well as a similar dependence on t as compared to the experimental data points. 

The simulated compression pressure for extrusion, p = P/( 2/4), was plotted as a 

function of punch penetration  in Fig. 10(a).  The CPFE analyses show p -  responses that vary 

inversely with grain size, i.e. smaller d values lead to stiffer mechanical responses, in qualitative 

agreement with experimental observations for Al specimens shown in Fig. 4(b).  However, the 

experimentally observed scaling behavior, shown in Fig. 7, was not reproduced in the CPFE 

simulations.  Separate CPFE simulations were performed on uniaxial compression of rod 

specimens and detailed in Section S2 of Supplemental Material.  Values of flow stress at a total 

strain of 40% were extrapolated from these simulations, specifically  with o = 

125 MPa and k m 1/2 as shown in Table S2.1 in Section S2 of Supplemental 

Material.  If the compression pressure p in the CPFE generated p -  curves are scaled by such 

CPFE generated  values, this normalization would make the p/   

compared to the original p -  curves, rather than collapsing them.  This normalization would 

also invert the trend of finer grain sizes bringing stiffer extrusion responses, and give the least 

stiff p/   . 

This discrepancy may be due to the inability of the CPFE model to capture the 

experimentally observed grain-size dependent strain-hardening rates.  As observed 

experimentally for both Cu and Al, larger grain sizes correspond to higher strain-hardening rates.  
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Instead, the opposite is predicted by the CPFE model, i.e., a larger grain size correspond to a 

smaller strain hardening rate.  This is also reflected in Table S2.1, in that the CPFE generated 

Hall-Petch slope k increases with increasing strain, contrary to experimental observations shown 

in Fig. 3.  As noted before, the present CPFE model does not incorporate any additional 

hardening effects due to the presence of strain gradients or GNDs. 

However, a quasi one-parameter scalability can be achieved with the CPFE generated p - 

 curves.  Figure 10(b) displays the p -  curves obtained from CPFE simulations, normalized by 

flow stress values prescribed by a Hall-Petch like relation,  (MPa) = 125 + 58d 1/2.  The 0 

parameter (125 MPa) here is identical to that obtained from the CPFE simulations of uniaxial 

compression at 40% strain, while the k parameter (58 m 1/2) is greatly reduced from the 

CPFE generated value (Table S2.1).  This normalization appears the p/    

corresponding to each D value.  The collapsed p/   10(b) indicate that 

the CPFE generated p -  curves cannot reproduce the experimentally observed Hall-Petch 

scaling reversals shown in Fig. 7. 

Inhomogeneous deformation has also been observed in the CPFE simulations of 

axisymmetric reverse extrusion.  Typical simulated extrusion processes, at D = 2.6 mm and with 

d ,  been shown in the supplemental Movies 

section of Supplemental Material.  In the movie files, the colored contours represents the 

distribution of von Mises stress.  Figure 11(a) shows the height variation of the extruded cup 

sidewalls.  This variation is measured by the standard deviation of the sidewall height (SD), 

plotted versus d for different punch diameters.  The SD value shows a clear increasing trend with 

increasing d for D of 2.4 mm and 2.6 mm. At the largest punch diameter of D=2.73 mm (data 

points shown as red squares in Fig. 11(a)), a similar overall trend is preserved although the 

results show substantial scatter.  In Fig. 11(b), following Meng and Fu [44], SD is plotted vs. the 

sidewall thickness normalized by the starting average grain size, t/d.  As shown, an approximate 

inverse power law trend exists between SD and t/d, i.e. SD t/d) 1.178.  The CPFE 

simulations also revealed that the formation of the sidewall height variation occurs in the early 

stage of the extrusion process.  Figure 11(c) shows normalized SD as a function of normalized 

punch penetration depth.  Both SD and the punch penetration depth have been normalized by 

their maximum values in each simulation.  It is evident from Fig. 11(c) that the sidewall height 

variation is fully developed within the first 60% of the extrusion process. 
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It is worth noting that the inverse power law regarding inhomogeneous deformation, i.e., 

SD ~ (t/d) 1, is true on condition that the starting texture of the material being extruded is random.  

A specimen with a strong initial texture, even with a small starting grain size, is expected to 

produce extruded cup sidewall height variation that deviates from this inverse power law.  To 

demonstrate this, a fine- with each 

element representing one grain) with a texture similar to that of the 50 grain model (shown in Fig. 

1(b), with d = ) was created and subjected to reverse extrusion, with D = 2.4 mm.  The 

CPFE result 11(a).  As 

expected, the sidewall height variation for this case is close to that of the d 

clearly deviates from the trend established by the rest of the CPFE simulations assuming an 

initial random texture. 

To further illustrate the influence of texture on the extruded cup quality, the initial texture 

of the finite element models was analyzed.  During axisymmetric reverse extrusion with different 

punch diameters, the volume of material being extruded, i.e. volume of the , is 

different.  Assuming the same cup sidewall height H, the volume, for the quarter model, was 

estimated as  

Vwall Ddie
2  D2)H/16.       (4) 

Therefore, with Ddie = 3 mm, the volumes are 0.3H, 0.44H and 0.64H in mm3 for cases of D = 

2.73 mm, 2.6 mm and 2.4 mm, respectively.  The texture index of the orientation distribution 

function (ODF), JODF [45] was calculated using 

the MTEX package [46].  The JODF 

JODF = 1 indicating a complete random texture and JODF = 

therefore convenient to plot the extruded cup sidewall height variation as a function of 1/JODF of 

the initial texture of materials making up the cup sidewall.  In addition, since SD fully develops 

in the early stage of the extrusion process, the JODF is calculated for the sidewall materials at only 

60% of the extrusion process.  Such a plot is shown in Fig. 11(d).  Notwithstanding the apparent 

scatter in the data, a decreasing trend can be seen between SD and 1/JODF.  Note the outlying data 

point in Figs. 11(a) and 11(b), corresponding to a fine 

decreasing trend in Fig. 11(d).  One additional example illustrating the influence of initial texture 

on deformation inhomogeneity in axisymmetric reverse extrusion, involving a hypothetical 
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axially symmetric crystallographic orientation relation (OR), is given in Section S6 of 

Supplemental Material

background in Figs. 11(a), 11(b), and 11(d).  In this case, the axially symmetric OR of the 

starting material gives a significantly smaller SD value as compared to an initially random 

textured material at the same grain size. 

3.5  Additional remarks 

The present experiments yielded no information on friction between the punch and the 

extruded material or between the extruded material and the die wall.  While acknowledging this 

limitation, friction and its potential influence deserve some comment.  To reiterate the 

experimental facts, it is worth noting first 

conditions, without the use of any lubricant.  Second, the characteristic relative velocity between 

the punch and the extruded material or between the extruded material and the die wall is ~1 µm/s 

for the present extrusion experiments, at a typical extruded cup sidewall height of ~1000 µm and 

a typical extrusion run time of ~1000 s.  Change in friction between the extruded material and 

the punch or the die is expected to come largely from the change in contact pressure, which is 

expected to increase as the punch diameter D increases or the extruded cup sidewall thickness t 

decreases [47].  The difference in sliding velocity between different parts of the extruded cup 

structure is small, and thus the velocity influence on friction is not expected to be significant.  

However, because of potential additional material strengthening as t decreases, the effects of 

friction and material strengthening at small length scales are intertwined.  A clear separation of 

these effects await future study. 

We suggest that the decreased number of grains across the extruded cup sidewall in 

combination with the increased plastic strain as the sidewall thickness decreases leads to the 

observed change from homogeneous to inhomogeneous deformation.  As shown by Eq. (4), the 

axisymmetric reverse extrusion process with a smaller (larger) punch diameter would involve a 

larger (smaller) number of grains in the plastic deformation, if the starting grain size is 

maintained constant.  As the extruded cup sidewall thickness decreases to tens of microns, only a 

small number of grains are involved in the formation of the cup sidewall, and the difference in 

the degree of deformation in each grain becomes significant.  The effect of this inhomogeneous 

deformation is further accentuated as the average strain of each grain increases.  Such effects 

become much diminished when a large number of grains are involved in the deformation process: 
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either at a fixed initial grain size but increased characteristic forming dimension; or at a fixed 

characteristic forming dimension but decreased average grain size. 

 The present simulation results serve to illustrate the benefit of combining CPFE with 

experimentation.  Figure 6(b) shows reasonable agreement between the CPFE generated 

principal logarithmic total strain within the extruded cup sidewall and the experimental estimate 

of the characteristic strain of reverse extrusion.  This agreement, both in terms of the strain 

magnitude and the dependence of strain on the extruded cup sidewall thickness, offers partial 

validation of the present CPFE model.  In the analysis of the influence of texture of the starting 

material on the extruded part quality, as shown in Fig. 11, especially Fig. 11(d), a distinct 

advantage is found for CPFE.  An analogous feat would be extremely difficult, if not impossible, 

for experimentation.  The influence of initial texture of the materials being extruded on the shape 

of extruded parts has not been much discussed in the literature, and the present CPFE results will 

help shed some light on this issue. 

However, it should also be recognized that some physics elements may be missing from 

the present CPFE model for it to be capable of fully capturing the essence of metal forming at 

characteristic dimensions of 100-200 microns and smaller.  The present experiments indicate a 

breakdown of one-parameter scaling of the extrusion mechanical response with the scaling 

parameter being the macroscale flow stress, as shown in Fig. 7 for both Al and Cu, and 

especially for Cu as shown in Fig. 7(a).  In contrast, the present CPFE simulations on Al are 

unable to capture the additional stiffening of the extrusion response at the largest grain size, and 

similar output is expected if simulation on Cu were to be conducted.  In addition, the grain-size 

dependent strain-hardening behavior observed experimentally through uniaxial compression of 

the rod samples could not be captured by the CPFE simulations. 

Physically, while the impediments on dislocation motion by grain boundaries give rise to 

Hall-Petch scaling [48], the presence of strain gradients within grains and the consequent 

generation of GNDs can give rise to additional material hardening [49].  In the present 

axisymmetric reverse extrusion experiments, the deformation geometry imposes strong strain 

gradients on the extruded material.  If large grains are more capable of accommodating strain 

gradients within as compared to small grains, then an additional hardening component may be 

present within large grain materials and absent from the small grain counterparts.  Such strain 

gradient hardening effects are distinct from dislocation motion impediment by grain boundaries, 
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and may be responsible for the stiffer extrusion response presently observed for large grain 

materials, especially Cu, as compared to what is expected from Hall-Petch scaling alone.  The 

twin boundaries, such as the annealing-induced ones shown in Figs. 2(a)-2(c), may serve as 

effective dislocation barriers similar to grain boundaries, hence twinning in Cu may also 

contribute to the scaling anomaly observed in Fig. 7(a).  Under sever plastic deformation 

conditions such as during extrusion, twinning can be activated in Cu at room temperature and 

low strain rates [50,51].  In addition, under deformation, larger grains tend to develop higher 

volume fraction of twins [51].  Therefore, Cu samples with larger grain sizes may develop higher 

densities of twin boundaries, thus contributing to their stiffer extrusion response.  Exploring and 

quantifying such possibilities in experimentation and simulation remain a task for the future.  

Strain gradient plasticity theory states that the effective plastic strain contains a contribution 

from plastic strain and a contribution from plastic strain gradient, 

 , where  and  are respectively components for plastic 

strain and plastic strain gradient, and l is a material length scale parameter [49].  The formal 

plastic strain gradient contribution is absent in the present CPFE model formulation.  

Determining whether inclusion of such effects into updated CPFE models would result in better 

representation of experimental situations in microscale metal forming likewise remains a task for 

the future. 

4.  Summary 

 A detailed study of axisymmetric reverse extrusion of Cu 110 and Al 1100 alloy rod 

specimens was carried out.  At a characteristic extrusion dimension of 100-200 µm, the study 

was focused on the influence of the initial average grain size on the mechanical response and 

homogeneity of plastic deformation.  Accompanying crystal plasticity finite element simulations 

were carried out.  Reasonable agreement was obtained between the experimentally determined 

characteristic plastic strain for extrusion and the CPFE generated logarithmic total strain, 

partially validating the current CPFE model.  The mechanical response of extrusion showed 

deviations from continuum plasticity scaling behavior as the characteristics extrusion dimension 

became small as compared to the initial grain size, an effect indicated by the present 

experimental data but not captured by the current CPFE model.  The initial grain size of the 

material being extruded was shown to strongly influence the final shape of extruded parts, while 
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CPFE simulations provided additional insights regarding the influence of the initial texture of 

material being extruded on the extruded part shape.  The present study serves as a baseline for 

further studies of metal forming at the meso to micro scales, and demonstrates that a 

comprehensive understanding of meso  micro scale metal forming, inclusive of an 

understanding of the mechanical response and the influence of grain size and texture, remains to 

be developed in the future. 
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6.  Figure captions 

Fig. 1. Crystal plasticity finite element (CPFE) simulations of deformation associated with 

axisymmetric reverse extrusion: (a) a schematic illustration of the CPFE simulation setup; 

(b), (c), (d), (e), and (f) illustrate grains and meshes for simulations with varying grain 

sizes. 

Fig. 2. Grain morphology observed from EBSD IPF maps: (a) Cu, d ~2 µm; (b) Cu, d ~8 µm; (c) 

Cu, d ~50 µm; (d) Al, d ~5 µm; (e) Al, d ~15 µm.  d denotes the average grain size 

obtained from EBSD data via the linear interception method. 

Fig. 3. Macroscale mechanical response of ECAP processed and annealed Cu and Al 3 mm 

diameter rod specimens: average true stress - true strain curves obtained from uniaxial 

compression of (a) Cu and (b) Al; values of flow stress at various total strains vs. the 

inverse square root of the average grain size for (c) Cu and (d) Al. 

Fig. 4. Mechanical response in microscale reverse extrusion: average P-  curves for (a) Cu and 

(b) Al as a function of the starting average grain size and the punch diameter.  For clarity, 

error bars from averaging repeat measurements on up to 6 nominally identical samples 

were only displayed at selected points, instead of over the entire P-  curve. 

Fig. 5. (a) Cross-sectional image of one extruded cup-shaped Cu structure with a sidewall 

thickness of ~400 µm, the initial average Cu grain size is ~8 µm; (b) and (c) two distinct 

EBSD IPF maps taken from non-overlapping areas within the white square shown in (a); 

(d), (e), and (f) show the point-to-point misorientation angle plots along three paths 

denoted as A to B, C to D, and E to F in (b) and (c). 

Fig. 6. Estimate of characteristic strain associated with axisymmetric reverse extrusion: (a) 

average width w of elongated Cu and Al grains in the middle of sidewalls of extruded cup 

structures as a function of the sidewall thickness t; b) an estimated characteristic plastic 

strain b as a function of t.  The results from CPFE simulations on Al deformation are 

included in (b). 

Fig. 7. Normalized mechanical response of microscale axisymmetric reverse extrusion: 

compression pressure scaled by macroscale flow stress vs. punch penetration for (a) Cu 

and (b) Al rod specimens at different initial average grain sizes. 

Fig. 8. Morphology of extruded cup-shaped Cu structures at D = 2.60 mm and t = 200 µm; the 

starting averaging Cu grain size d are (a) ~2 µm, (b) ~8 µm, (c) ~50 µm. 
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Fig. 9. Transverse cross-sectional images of extruded cup-shaped Cu parts, with starting average 

grain sizes of (a) d~2 µm and (b) d~50 µm; (c), (d), (e) EBSD IPF maps taken at 

locations denoted respectively as 1, 2, and 3 in (a); (f) shows the EBSD IPF map 

corresponding to (b). 

Fig.10. Simulated mechanical response of Al during axisymmetric reverse extrusion: (a) 

compression pressure vs. punch displacement at different D values; (b) compression 

pressure normalized by flow stress vs. punch displacement at different D values. 

Fig.11. Simulated height variation of extruded cup sidewalls, measured by standard deviations of 

the wall height: (a) sidewall height variation vs. grain size at various punch diameters; (b) 

sidewall height variation vs. the normalized sidewall thickness; (c) evolution of sidewall 

height variation during extrusion: normalized height variation vs. normalized punch 

penetration depth.  The scatter arises from averaging simulations corresponding to 

different grain sizes; (d) sidewall height variation vs. 1/JODF based on the starting texture 

of the extruded material.  

7.  Tables 

Table 1. Elastic constants and constants governing the flow kinetics of single crystal Al 

utilized in the present work. 

C11 C12 C44 h0   m  

108.2 GPa 61.3 GPa 28.5 GPa 150 MPa 5 MPa 40 MPa 0.02 1.0 

 

Table 2. Summary of conditions for ECAP and post-ECAP annealing of 3 mm diameter Cu and 

Al rod specimens. 

  

Material ECAP process Heat treatment Average grain size (µm) 

Cu 110 alloy 8 pass 150 C x 1 h 2 

Cu 110 alloy 1 pass 600 C x 8 h 8 

Cu 110 alloy 1 pass 800 C x 22 h 50 

Al 1100 alloy 8 pass 200 C x 1 h 5 

Al 1100 alloy 1 pass 400 C x 1 h 15 

Al 1100 alloy 1 pass 600 C x 24 h >200 
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S1. Equal channel angular pressing (ECAP) processing and post-ECAP annealing of 
metal rod specimens 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1. (a) An optical image of a custom designed and constructed ECAP device; (b) a 
schematic illustration of the ECAP process. 
 

Figures S1(a) and S1(b) show respectively an optical image of a custom designed and 

constructed equal-channel angular pressing (ECAP) device and a schematic illustration of its 
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operation.  The die, made of 34CrNiMo6 alloy steel, has two cylindrical channels with the same 

diameter of 3.0 mm, a corner angle  of 36.9 , and an intersection angle between the two 

channels  of 90° [1].  As-received commercial Cu 110 alloy (Cu 99.9 at.%+) and Al 1100 alloy 

(Al 99.9 at.%+) specimens were machined into cylindrical rods, 3.0 mm in diameter and ~30 mm 

in length.  All rods were ECAP processed by being pressed by a cylindrical punch made of high 

speed steel with a close sliding fit to the die channel through the ECAP device, either 1 time or 8 

times (1 pass or 8 passes).  For multiple ECAP passes, the rod was rotated by 90° (processing 

route Bc as described in [1]) in the same direction between each pass.  Prior to each pass, the die 

  Then, the ECAP processed rods were 

cut into specimens with heights of 3.0 mm, while keeping the diameter at 3.0 mm. 

The ECAP processed Cu and Al rod specimens were vacuum annealed in a tube furnace 

evacuated by a turbomolecular pump backed by a mechanical vane pump.  The base pressure of 

the tube furnace was ~10-7 Torr.  Annealing occurred at different temperatures and durations to 

obtain various final grain sizes. 
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S2. Grain size strengthening effect of crystal plasticity finite element (CPFE) 

simulations 

A baseline mesh convergence is quickly established based on the distribution of the 

surface elastic stress under shallow penetration conditions.  The setup of the model is shown in 

Fig. S2.1.  Isotropic elastic properties of Al have been assigned to the sample.  Uniform mesh 

re the 

distribution of surface Von Mises stress imposed by this die-punch loading geometry reasonably 

size is used to mesh the regions near the topic perimeter of the reverse 

extrusion samples (Fig. 1(f) in the main text). 

The same flow parameters, shown in Table 1 in the main text, were used in all CPFE 

simulations.  The comparison between the experimental measurement and the simulation output 

is shown in Fig. S2.2. 

To establish a baseline for the effect of grain size in the CPFE formulation, a set of six 

simulations of uniaxial compression of cylindrical specimens were performed, varying the grain 

size and the mesh size.  

two mesh densities (100,000 and 200,000 total elements per structure) were considered, see Fig. 

S2.3.  The compressed cylindrical specimens had an overall height of 7 mm and diameter of 3 

mm.  For each structure, the simulation was run to a total compressive strain of 10%.  The true 

stress  engineering strain curves were fitted to the Ludwik flow rule, i.e.,  = K n, and 

extrapolated up to a total strain of 40%.  Based on the extracted flow curves, Hall-Petch 

constants were then obtained at various strain levels, as shown in Table S2.1. 

It should be noted that the grain-size dependence of strain-hardening rate, observed 

experimentally for Cu and Al, i.e., larger grain sizes correspond to higher strain-hardening rates, 

was not captured by the present CPFE simulations.  Instead, the opposite is predicted by the 

simulations, i.e., a larger grain size correspond to a smaller strain hardening rate.  This is also 

reflected in Table S2.1 in that the CPFE generated Hall-Petch slope k increases with increasing 

strain.  This discrepancy may be expected, as the present CPFE model does not incorporate the 

additional hardening effects due to the presence of strain gradients or GNDs, as discussed in the 

main text. 
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Table S2.1.  Hall-Petch constants extracted at different total strain values from CPFE 

simulations of Al rod specimens under uniaxial compression. 

Strain No. of Elements 0 (MPa) k m 1/2) 

0.1 
100,000 
200,000 

68.9 
65.1 

227.9 
272.5 

0.2 
100,000 
200,000 

95.4 
90.2 

439.8 
483.4 

0.3 
100,000 
200,000 

115.2 
108.9 

631.3 
668.3 

0.4 
100,000 
200,000 

131.64 
124.53 

808.7 
836.7 
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Fig. S2.1. Mesh convergence on the surface elastic stress. Left panel shows the setup of a 
quarter-sample model, which similar to what is shown in Fig. 1f in the main text. Right panel 
shows the profile of the surface Von Mises stress as a function of Radial position.  

 

Fig. S2.2. Comparison between the experimental compressive response of Al sample (grain size 
15  and the material point CPFE simulations comprising 500 grains using mean field 
assumptions. 

 
Fig. S2.3. Finite element meshes containing ~100,000 elements for three different average grain 
sizes, i.e. d =  (left)  (middle)  (right).  
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S3. Processing of raw axisymmetric reverse extrusion force-displacement curves 

Figure S3.1(a) shows a typical P - total curve obtained from an axisymmetric reverse 

extrusion run using a punch with D = 2.60 mm on an ECAP processed and annealed 3 mm 

diameter Cu rod specimen, with an average grain size d of ~8 µm.  It is noted that the measured 

total included a system compliance contribution, sys. 

To measure the sys, a separate measurement was made by removing the 3.0 mm diameter 

Cu rod specimen from the die hole and having the punch bottom surface contacting the bottom 

steel base plate directly, keeping all other components in the system intact.  The result of such a 

system compliance measurement is shown in Fig. S3.1(b).  Figure S3.1(c) shows the result of 

subtracting the system compliance contribution from the measured total displacement, i.e., P vs. 

total - sys.  It is noted that the curve shown in Fig. S3.1(c) exhibits an initially much more 

compliant section, which is believed to be caused by the misfit gaps existing between the Cu rod 

specimen and the die hole prior to the beginning of the extrusion experiment, arising from 

imperfections in die hole and rod specimen geometries.  Consequently, measured initial 

displacements are not the actual punch penetration into the specimen top surface, but mostly 

contributed from expansion of the rod specimen under compression to fill any misfit gaps 

between the rod specimen and the die hole [8]. 

To correct for such misfit gaps, a height measurement was conducted on the extruded Cu 

cup structure, whose measured mechanical response curves were shown in Fig. S3.1.  The height 

measurement was conducted at six different locations with 60° intervals along the rim of the 

extruded cup sidewall, then the average height value, H, of these six measurements was 

calculated.  As shown in Fig. S3.2(a), H = 0.980 mm for this case.  During the reveres extrusion 

operation, the extruded material volume should be conserved.  Thus, as illustrated in Fig. S3.2(b), 

the volume conservation equation is written as: 

,        (1) 

where D is the punch diameter, Do is the diameter of the die hole (3.0 mm),  is the actual punch 

penetration depth into the specimen, and H is the average height of extruded cup.  for D = 2.6 

mm and 2.80 mm, H/  can be calculated from Eq. (1) to be ~4.0 and ~7.8, respectively.  Thus, 

the actual punch penetration depth  for the specimen shown in Fig. S3.2(a) should be 0.245 mm, 

~0.015 mm smaller than the measured value, 0.260 mm, as shown in Fig. S3.1(c).  Therefore, the 

P vs. total - sys curve shown in Fig. S3.1(c) was shifted 0.015 mm along the x-axis to arrive at 
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the actual mechanical response curve associated with the axisymmetric reverse extrusion, i.e., the 

P   curve as shown in Fig. S3.1(d), in which  represents the true punch penetration into the 

rod specimen. 

 

 

 

Fig. S3.1. Measuring mechanical response of microscale axisymmetric reverse extrusion: (a) a 
total compression force  total displacement (P-

total
) curve; (b) the corresponding system 

compliance (P-
sys

) curve; (c) the mechanical response curve with the system compliance 

contribution removed, P  (
total

-
sys

); (d) the final response (P- ) curve after correcting for 

misfit gaps between the rod specimen and the die hole. 
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Fig. S3.2. (a) An SEM image of the extruded cup structure whose mechanical response curve is 
shown in Fig. S3.1; (b) a schematic illustrating volume conservation in the present axisymmetric 
reverse extrusion geometry. 
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S4. Estimating the average grain widths in the middle of extruded cup sidewalls 

 

Figures S4.1(a), S4.1(b), and S4.1(c) show EBSD IPF maps taken respectively from the 

middle of the sidewalls of extruded cup-shaped Cu structures, with sidewall thicknesses of ~200 

µm, ~100 µm, and ~25 µm, at the same initial average Cu grain size d ~8 µm.  Visual inspection 

suggests that the degree of plastic deformation of the Cu grains increases with decreasing 

extruded cup sidewall thickness.  As the sidewall thicknesses decreases to ~100 µm and ~25 µm, 

the Cu grains were elongated to such a degree that only fibrous structures can be observed.  

These fibrous grain structures go through the entire mapping area, from the bottom to the top of 

the images.  The black arrows again indicate the paths along which the point-to-point 

Fig. S4.1. EBSD IPF orientation maps taken in the middle of extruded Cu cup sidewalls, 
with sidewall thicknesses of (a) ~200 µm; (b) ~100 µm; and (c) ~25 µm, respectively.  The 
initial average Cu grain size is d~8 µm.  The black arrows indicate paths along which point-
to-point misorientation angle measurements were made.  The average grain widths obtained 
are ~3.8 µm, ~2.6 µm and ~1.3 µm, respectively, for data shown in (a), (b), and (c).  
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misorientation angle measurements were made.  The average grain widths were then calculated 

from the misorientation angle measurements to be ~3.8 µm, ~2.6 µm and ~1.3 µm, respectively, 

for data shown in Figs. S4.1(a), S4.1(b), and S4.1(c). 

 

 

Figures S4.2(a) and S4.2(b) show EBSD IPF maps taken respectively from the middle of 

the sidewalls of extruded cup-shaped Al structures, with sidewall thicknesses of ~200 µm and 

~100 µm, at the same initial average Al grain size d ~15 µm.  Elongated grain morphologies are 

again evident in both Figs. S4.2(a) and S4.2(b).  The black arrows again indicate the paths along 

which the point-to-point misorientation angle measurements were made.  The average grain 

widths were then calculated from the misorientation angle measurements to be ~6.5 µm and ~5.2 

µm, respectively, for data shown in Figs. S4.2(a) and S4.2(b). 

 Further details on the use of average grain width obtained through examination of EBSD 

data to yield an estimate of a characteristic strain associated with the axisymmetric reverse 

extrusion process are given in the main text. 

  

Fig. S4.2. EBSD IPF maps taken in the middle of extruded Al cup sidewalls, with wall 
thicknesses of (a) ~200 µm and (b) ~100 µm, respectively.  The initial average Al grain size is 
d ~15 µm.  The black arrows indicate paths along which point-to-point misorientation angle 
measurements were made.  The average grain widths obtained are ~6.5µm and ~5.2 µm, 
respectively, for data shown in (a) and (b). 
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S5. Inhomogeneous deformation in microscale reverse extrusion 

 

Figure S5.1 shows SEM images of extruded cup-shaped parts using Cu rod specimens 

with various starting average grain sizes.  On one hand, at each punch diameter D or extruded 

cup sidewall thickness t, a transition from homogeneous to inhomogeneous deformation is 

evident as the initial average Cu grain size increases, as shown from Figs. S5.1(a), S5.1(b), to 

S5.1(c) for D=2.60 mm and from Figs. S5.1(d), S5.1(e) to S5.1(f) for D=2.80 mm.  More 

axisymmetric cup-shaped parts were formed from Cu rod specimens with a fine grain size of d~2 

µm, with the height of the extruded cup sidewall being more uniform around the perimeter.  

Cups extruded with Cu rod specimens with a coarse grain size of d~50 µm exhibit irregular 

sidewall heights around the perimeter.  On the other hand, given the same grain size, decreasing 

the extruded cup sidewall thickness leads to more irregularities in cup height around the 

perimeter, as evidenced by comparing images shown in Figs. S5.1(a) and S5.1(d); Figs. S5.1(b) 

and S5.1(e); and Figs. S5.1(c) and S5.1(f).  The same transition from homogeneous to 

Fig. S5.1. Morphology of extruded, cup-shaped, Cu structures. Top row, punch diameter 
D=2.60 mm, cup sidewall thickness t=200 µm, the average Cu grain sizes d are (a) ~2 µm; 
(b) ~8 µm; (c) ~50 µm; Bottom row, D=2.80 mm, t=100 µm, d values are (d) ~2 µm; (e) ~8 
µm; (f) ~50 µm. 
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inhomogeneous deformation can be seen in extruded cup-shaped Al parts as well, shown in Fig. 

S5.2. 

 

  

Fig. S5.2. Morphology of extruded, cup-shaped, Al structures. Top row: D=2.60 mm, t=200 
µm, the average Al grain sizes d are (a) ~5 µm; (b) ~15 µm; (c) >200 µm; Bottom row, 
D=2.80 mm, t=100 µm, d values are (d) ~5 µm; (e) ~15 µm; (f) >200 µm. 
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S6. Influence of texture on inhomogeneous deformation in microscale reverse extrusion  

To further illustrate the influence of texture, a finite element structure with a hypothetical 

axially symmetric crystallographic orientation relation (OR) is considered here.  This type of OR 

can be stated as follows (Fig. S6.1 - -

- er of 

the specimen, then the crystallographic orientation of any grain has a fixed OR with respect to 

this local coordinate system.  A simple case satisfying this OR is such that each grain has 

-grain finite 

element structure, with grain si imposed rotational symmetry, the (100) 

pole figure with respect to the x-y-z system indicates a strong (100) fibre texture (Fig. S6.1(b)).  

However, if all the material points (finite elements) have been rotated about z axis to the x-z 

plane, a (100) pole figure with respect to the x-y-z system would indicate a strong single crystal 

texture (Fig. S6.1(c)).  Such a finite element structure, when subjected to reverse extrusion with 

punch diameter D = 2.4 mm, lead to a relatively smo s. 

11(a), 11(b), and 11(d) of the main text ite its large 

grain size.  The cup sidewall height variation generated by this specially case apparently deviates 

from the general trends observed in prior cases with respect to grain size (d, shown in Fig. 11(a) 

of the main text), normalized channel width (t/d, shown in Fig. 11(b) of the main text) and 

inversed texture index (1/JODF, shown in Fig. 11(d) of the main text). 
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Fig. S6.1. Illustration of a hypothetical axially symmetric crystallographic orientation 
relation (a), as well as texture (b)-(c) of a finite element model for a hypothetical sample. 
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Supplemental Movies. 

Three video files are offered, illustrating typical simulated axisymmetric reverse extrusion 

processes.  The file names and the simulation conditions associated with the three files are listed 

in the Table below.  Colored contours represent the distribution of von Mises stress. 

 

File name Punch diameter, D (mm) Initial grain size, d (µm) 

FineGrain d=20micron D=2.6mm.mp4 2.6 20 

400-grain d=188micron D=2.6mm.mp4 2.6 188 

50-grain d=375micron D=2.6mm.mp4 2.6 375 
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