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Dense, bulk nanocrystalline aluminum 5083 alloy was fabricated via a combined technique: cryomilling
(mechanical milling at cryogenic temperature) to achieve the nanocrystalline Al 5083 powder and spark
plasma sintering (SPS) to consolidate the cryomilled powder. The results of X-ray diffraction analysis
indicate that the average grain size in the SPS consolidated material is 51 nm, one of the smallest grain
sizes ever reported in bulk Al alloys produced by powder metallurgy derived methods. In contrast,
transmission electron microscopy (TEM) analysis revealed a bimodal grain size distribution, with an
average grain size of 47 nm in the fine-grained regions and approximately 300 nm in the coarse-grained
regions. Nanoindentation was used to evaluate the mechanical properties and the uniformity of the
consolidated nanocrystalline Al 5083. The hardness of the material is greatly improved over that of
the conventional equivalent, due to the fine grain size. The mechanisms for spark plasma sintering and
the microstructural evolution are discussed on the basis of the experimental findings.

I. INTRODUCTION

AT present, there are only a limited number of fabrica-
tion methods that can be used to synthesize bulk nanocrys-
talline metals[1,2] that have sufficiently large dimensions for
practical applications. Powder metallurgy–based consolida-
tion methods, which can be used for this purpose, normally
involve the synthesis of nanocrystalline powder and subse-
quent consolidation.[3] Nanocrystalline powder can be
produced by numerous processing methods, such as
mechanical milling, evaporation condensation, and precur-
sor decomposition.[2,3] Mechanical milling, especially cryo-
milling, is an effective approach to synthesize a large
quantity of nanocrystalline metallic powder.
Cryomilling is normally conducted in a liquid nitrogen

atmosphere, suppressing the dynamic recovery and recrys-
tallization by the cryogenic temperature and thus facilitat-
ing grain refinement in metallic powder.[4] Cryomilling can
be easily scaled up and has the potential to be economically
feasible.[5] Koch[6] pointed out that two problems may occur
with cryomilling: (1) the contamination from the milling
media and atmosphere and (2) grain coarsening during
powder consolidation. It has been demonstrated, however,
that the contamination introduces impurities (e.g., Fe) and
in-situ formed compounds (e.g., nitrides and oxides) that
are approximately 2 to 10 nm in size and are uniformly
dispersed in the cryomilled powder, resulting in greatly
improved thermal stability[7] and mechanical properties.[8]

In contrast, severe grain growth has been observed at room
temperature in nanocrystalline Al that is free of such impur-
ities, because it was synthesized with a chemical method.[9]

Conventional consolidation of cryomilled powder can,
however, lead to significant grain growth. For example,
an average grain size of 116 nm was observed in a hot
isostatically pressed (‘‘hipped’’) Al-Mg alloy,[10] and the
grain size in a 5083 Al consolidated by cold isostatic press-
ing (CIP) and extrusion was 207 nm.[11] The bulk materials

will exhibit unique properties only if the initial nanocrystal-
line structure in the powder is preserved after the consol-
idation process. Spark plasma sintering (SPS), a relatively
new sintering technique, has been demonstrated to success-
fully consolidate nanosized powder into a dense bulk mate-
rial in a shorter time and at lower temperatures than would
be required with conventional consolidation methods, both
of which facilitate the retention of the fine structure in the
starting materials.[12]

Spark plasma sintering is a modified hot pressing tech-
nique in which pulsed DC current and uniaxial pressure are
applied simultaneously. The pulsed current passes through
the electrically conductive graphite die and sample, if con-
ductive. Heating of a dielectric sample can be realized
through the heat transfer from the die and punches, which
are heated by the pulsed current; for a conductive sample,
besides the heat transfer, heating also results from the
pulsed current due to the Joule effect. This heating style
leads to a rapid heating rate (up to 1000 °C/min), making
SPS a fast consolidation method.[13,14,15] High current den-
sity at the contact points can be formed due to the small
contact area at the initial stage of sintering, resulting in a
locally high temperature. This locally high temperature can
further facilitate the densification. At the initial stage of
sintering, electric/spark discharge is generated across the
gaps between particles, which promotes the elimination
of surface adsorbents or the breakup of oxide layers and,
eventually, facilitates the sintering process.[13,16–18]

Recently, nanocrystalline powders have been consoli-
dated using SPS. Various nanocrystalline intermetallic
powders, which were synthesized with mechanical milling,
have been successfully consolidated into dense materials by
SPS within minutes without severe grain growth.[19–26]

However, limited research has been conducted on the use
of SPS for low melting metals, such as aluminum alloys,
especially on nanocrystalline Al alloys. Furthermore,
although SPS has been widely applied to consolidate a
variety of materials, the densification mechanisms involved
in SPS still remain unclear. Due to the specific structural
characteristic of the cryomilled powder, i.e., a physical par-
ticle containing numerous nanocrystalline grains, it can
shed light on the sintering mechanisms.
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In the current study, SPS was used to consolidate a cryo-
milled nanocrystalline Al alloy powder to achieve dense bulk
nanocrystalline material. The microstructures of the powder
and the bulk sample were revealed through X-ray diffraction
(XRD), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and optical microscopy. The
mechanical behavior of the bulk sample was characterized
with nanoindentation and microhardness testing. The sinter-
ing mechanisms and current effect are explored on the basis
of the microstructural studies and analytical calculations.

II. EXPERIMENTAL PROCEDURE

One kilogram of commercial, gas-atomized 5083 Al
(4.4Mg, 0.7Mn, 0.15Cr, and the balance Al (wt pct)) powder
was cryomilled using a modified Union Process 01-ST attritor
(Union Process, Akron, OH) with a ball (6 mm in diameter,
stainless steel)–to–powder ratio of 32:1 for 8 hours under a
liquid nitrogen environment at a rotation speed of 180 rpm.
The 5083 Al alloy was selected for this study because of its
widespread application in structural components exposed to
marine environments, which require good corrosion resist-
ance. For simplicity, the material will hereafter be referred
to simply as Al, even though it is actually an alloy. Two
grams of milled powder were placed in a cylindrical graph-
ite die with punches on both ends to seal the die. The pow-
der in the die was cold pressed through the punches under a
load of 908 kg for 1 minute. The pressed powder was con-
solidated using an SPS apparatus (Sumitomo, model 1050,
Sumitomo Heavy Industries, Niihama, Japan) under vac-
uum. The temperature was measured using a K-type ther-
mocouple inserted into a hole located in the center of the
die close to the sample. The time to ramp up from room
temperature to 350 °C was 180 seconds (1.8 °C/sec), and
the sample was kept at that temperature for 120 seconds.
The sintering was assisted with uniaxial pressure (80 MPa).
The current, temperature, displacement, and displacement
rate as functions of time were recorded by the components
attached to the SPS apparatus, as shown in Figure 1.
The SPS-consolidated specimen was 20 mm in diameter

and 2 mm in thickness. After polishing the sample surfaces,
density measurements were made using the Archimedes
method of water displacement. X-ray diffraction was per-
formed using a SCINTAG* XDS 2000 powder diffractometer

*SCINTAG is a trademark of Scintag Inc., Cupertino, CA.

using Cu Ka (l = 0.1542 nm) radiation. Background sub-
traction, Ka2 stripping, and calculation of full-width at half-
maximum (FWHM) were carried out via the software
included with the diffractometer. Five diffraction peaks
were used to determine the grain size through the calcula-
tion of the peak broadening using linear fitting.[27] The
morphology of the cryomilled powder was investigated
with SEM. Transmission electron microscopy was used to
reveal the microstructure and to determine the grain size
and grain size distribution for both the cryomilled powder
and the consolidated aluminum alloy, using a PHILIPS**

**PHILIPS is a trademark of Philips Electronic Instruments, Mahwah, NJ.

CM-12 microscope. High resolution TEM was conducted
using an FEI Tecnai F20 electron microscope. In order to

achieve a large observable thin area, the TEM samples were
prepared using the following procedure. Cryomilled pow-
der and the disk from the SPS-consolidated specimen were
ground and then dimpled down to approximately 15 mm in
thickness. The final thinning perforation process was con-
ducted using argon ion milling with an angle range from 22
to 10 deg. The sample temperature was kept at 20 6 5 °C
during ion milling. Optical microscopy was utilized to dis-
tinguish the coarse-grained region from the fine-grained
region, either with or without the treatment of Keller’s
reagent (2.5 mL HNO3, 1.5 mL HCl, 1 mL HF, 95 mL
H2O). Nanoindentation (MTS Nanoindenter XP Berkovich
indenter) was used to evaluate the mechanical properties and
the uniformity of the consolidated material. Microhardness
was also used to obtain the hardness value in HV units for
direct comparison with that of the conventional equivalent.

III. RESULTS

A. Cryomilled Powder

Figure 2 shows the as-cryomilled powder having an equi-
axed shape and a particle size of 10 to 50 mm, which results
from repeated fracturing and cold welding involved in the
mechanical milling.[4,6] The milled metallic particles are
not dense, but featured with crevices and pores. The cry-
omilled powder particle consists of numerous nanocrystal-
line grains in the size range of 25 nm, as determined from
the investigation of XRD peak broadening.[27] The correla-
tion coefficient of the linear fit for the grain size calculation
was 0.98. The nanostructure of the cryomilled powder was
verified with a bright-field TEM image, as shown in Figure
3(a). The typical nanocrystalline Al grains are equiaxed and
randomly distributed. The selected-area diffraction (SAD)
pattern shows continuous rings, which is a typical diffrac-
tion pattern for nanocrystalline materials. Figure 3(b) dis-
plays the grain size distribution of the cryomilled Al

Fig. 1—Evolution of current, temperature, displacement, and displace-
ment rate of the cryomilled 5083 Al powder during SPS.
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powder (determined from 400 grains measured). The size
range of the grains is 10 to 70 nm, more frequently 10 to
40 nm, with the average size at 28 nm, which is consistent
with the result from the XRD measurement.

B. The Bulk SPS-Consolidated Material

The cryomilled Al powder was consolidated by SPS to
produce a disk-shaped specimen, hereafter referred to sim-
ply as the bulk sample. A near fully dense bulk Al (99.0 6
0.1 pct of theoretical density) was achieved by SPS. The
XRD spectra for both the bulk sample and the cryomilled
powder are presented in Figure 4. Only Al peaks are
observed in the spectra. It is noticeable that the broadening
of the peaks is smaller after SPS, indicating that grain
growth or microstrain release occurred during SPS. The
average grain size in the bulk sample was 51 nm, as deter-
mined by peak broadening, which is one of the smallest
grain sizes for bulk nanocrystalline Al alloys ever reported.
A bimodal grain size distribution was observed from the

TEM study. This bimodal grain size distribution can
actually be desirable because it can enhance the mechanical
properties of the bulk material, with the fine grains contri-
buting to the strength and the coarse grains contributing to
the ductility.[11] Figure 5(a) is a bright-field TEM image,
showing the microstructure of the Al in the fine-grained
region. The appearance of the grains is equiaxed, resem-
bling that in the as-cryomilled powder. The grain size dis-
tribution in the fine-grained region in the bulk sample is
shown in Figure 5(b). Most of the grains are within the size
range of 20 to 60 nm, with an average size of 47 nm
(determined by measuring 990 individual grains). The pro-
file of the grain size histogram for the fine grains in the bulk
sample is similar to that for the as-cryomilled powder,
except that the columns shift to the right by approximately
20 nm. This increase in grain size observed in the bulk
sample is attributed to the grain growth during SPS, where
the material experienced a high temperature (350 °C, 0.72 Tm)
for a few minutes. Some isolated large grains larger
than 100 nm in size are present in the fine-grained region
(Figure 5(a)), a consequence of locally heterogeneous grain

Fig. 3—TEM results for the cryomilled 5083 Al: (a) representative bright-
field image and SAD pattern; and (b) distribution histogram of the Al grain
size as determined from the TEM images.

Fig. 2—Secondary electron SEM image showing the morphology and size
of the cryomilled 5083 Al powder.

Fig. 4—XRD spectra of cryomilled 5083 Al powder and the SPS-consolidated
cryomilled 5083 Al. Only Al peaks are observed.
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growth. A very fine grain 20 nm in size is observed with
high-resolution TEM (Figure 5(c)).
Aggregates of coarse grains are also frequently observed

in the bulk sample. The coarse-grained aggregates, with the
dimension of a few microns, are surrounded by the nano-
crystalline Al, as illustrated in Figures 6 and 7. Figure 6(a)
is a bright-field TEM image, showing the coarse-grained
aggregates (in the middle) and the nanocrystalline Al re-
gions (on the top and bottom). Figure 6(b) is a corresponding
dark-field TEM image. A rectangular grain approximately
0.8 mm in size is observed in both the bright- and dark-field
images at the left corner in the coarse-grained aggregate. A
large grain, 1.5 mm in size, which is indiscernible in the
bright-field image, reveals its true features in the dark-field
image. Both of these coarse grains are equiaxed, which
suggests that this coarse-grained aggregate was likely
formed through melting and crystallization. It is also pos-
sible, however, that the coarse-grained aggregate was
formed by severe grain growth. The inset in Figure 6(a)
is a diffraction pattern, with the ring pattern for the nano-
crystalline Al and the spot pattern for the coarse-grained
Al. Another interesting coarse-grained structure is shown in
Figures 6(c) and (d). A large grain, approximately 2 mm in
size, is discernible in both the bright- and dark-field images.
This grain has an irregular shape, with a somewhat smaller
rectangular protrusion on the edge of a large rectangular
grain. The inset in Figure 6(c) is a diffraction pattern from
the large grain, a typical diffraction pattern for single-crystal
fcc metals.
A series of band structures with widths 30 to 200 nm in

size are observed in the bulk sample, as shown in Figure
7(a). These band structures (or lamellar structures) are con-
sistent with a recrystallized microstructure.[28,29] In addition
to these band structures are the randomly orientated fine
grains. It should be noted that, in the current study, this type
of band structure is less frequently observed than the
coarse-grained aggregates in the bulk sample during TEM
examination, and that it can be present in regions other than
the outer surfaces of the particles. Figure 7(b) shows a fine-
grained region within the bulk sample that contains two
coarse-grained regions, as indicated by A and B. In region
A (approximately 2 mm in length), several well-defined
coarse grains are observed. In region B, an irregularly
shaped coarse grain is seen. These regions were likely

formed by diffusion of atoms to the pores and crevices in
the cryomilled powders; however, localized abnormal grain
growth is also a possibility.[30]

Although it is more likely that the coarse-grained aggre-
gates formed on the outer surface of the cryomilled powder
due to the higher temperature on the surface, there is a lack
of direct evidence from the TEM investigation to support
this claim. Optical microscopy, however, provided further
insight. Figure 8(a) shows an optical micrograph of a well-
polished surface of the bulk sample. The bright regions
correspond to the coarse-grained Al, and the dark regions
represent the fine-grained Al. The volume fraction of the
bright region is about 10 pct, as determined with the soft-
ware ANALYSIS.* Although the distribution of the coarse

*ANALYSIS is a trademark of Olympus Soft Imaging Solutions Corp.,
Lakewood, CO.

grains (bright) is not uniform, it can be seen that the fine-
grained regions are surrounded by the coarse grains, indi-
cating that the coarse-grained aggregates are most often
formed on the outer surfaces of the cryomilled powder,
whereas the inner region of the powder retains the fine-
grained structure. A similar microstructure has been observed
in a nanocrystalline Fe-23Al-6C materials synthesized by
mechanical milling and SPS.[19] Figure 8(b) is an optical
micrograph showing the bulk sample after etching with
Keller’s reagent. The shape of the powder particles, which
is closely packed and resembles that of the as-cryomilled
powder, is clearly delineated with the reagent. The dimen-
sion of the dark regions in Figure 8(a) and the size of the
delineated particles in Figure 8(b) are consistent with the
dimension of the cryomilled powder particles, as shown in
Figure 2. Within the dark fine-grained particles observed in
Figure 8(a), there are small bright regions. These represent
regions within the cryomilled particles where grain growth
has occurred, potentially as the result of local recrystalliza-
tion or diffusion into the pores and crevices of the cryo-
milled powder.
It should be noted that when using XRD analysis to

determine average grain size, any diffraction peak line
broadening that results from crystallites with grain sizes
in excess of 100 to 300 nm is considered to be negligibly
small.[31] This implies that the coarse grains formed

Fig. 5—TEM results from the fine-grained region in the SPS-consolidated cryomilled 5083 Al: (a) representative bright-field image, (b) distribution
histogram of the Al grain size as determined from the TEM images, and (c) high-resolution TEM image, showing a very fine grain.
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during SPS make an insignificant contribution to the peak
broadening. The grain size value of 51 nm determined from
XRD analysis is the volume-averaged value from those
grains with sizes less than 100 nm. This value for the aver-
age grain size is consistent with that in the fine-grained
regions, as determined by TEM (47 nm).

C. Mechanical Properties

Nanoindentation tests were performed on the bulk sam-
ple with an indentation depth of 500 nm. The continuous
stiffness measurement (CSM) approach was used to deter-
mine the hardness values from the nanoindentation tests.[32]

Two different directions were chosen to evaluate the
mechanical response of the specimen (shown in the inset
of Figure 9): (1) radially from the center of the disk-shaped
sample to the edge (along line OA) and (2) along its thick-
ness (along line OB).
The nanoindentation results (Figure 9) indicate that the

average hardness shows minimal variation from the center

to the edge and from the top to the bottom (thickness) of
the bulk sample. Nevertheless, one can observe that micro-
scopically the hardness varies slightly from point to point,
implying that there is a variation, but not a gradient, in micro-
structure. This observation is confirmed by the microscopy
analysis where the different microstructural features are
present in the bulk sample. The hardness was also evaluated
with a microhardness tester for a direct comparison with con-
ventional Al 5083. The hardness of the bulk material prepared
by SPS is 165 6 6 HV, which is almost twice the value for
conventional Al 5083.[33] This significant improvement in
hardness of the bulk nanocrystalline SPS-consolidated mate-
rial can be attributed to its fine grain structure.

IV. DISCUSSION

A. Grain Growth in the Fine-Grained Region

As determined through image analysis, the SPS-
consolidated cryomilled Al 5083 is observed to be comprised

Fig. 6—TEM images from SPS-consolidated cryomilled 5083 Al showing both the coarse-grained regions and fine-grained regions: (a) first bright-field
image; (b) corresponding dark-field image of (a); (c) second bright-field image and SAD pattern; and (d) corresponding dark-field image of (c).
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of approximately 90 pct fine grains with an average size of
47 nm and 10 pct coarse grains with an average grain size
of 300 nm. The average grain size in the fine-grained region
is approximately 20 nm larger than that observed in the
cryomilled Al powder prior to consolidation (25 nm). The
kinetics of grain growth in conventional polycrystalline
materials is normally controlled by atomic diffusion at the
grain boundaries and can be expressed as[7,34]

d1=n # d
1=n
0 5 kt [1]

where d is the grain size at time t, d0 is the initial grain size,
k is the temperature-dependent rate constant, and n is the
grain growth exponent. A systematic study of isothermal
annealing on the grain growth behavior of cryomilled Al
powder, which was cryomilled using the same milling
parameters as those used in this study, was conducted by
Zhou et al.[7] In their study, the grain size vs time data were
fitted mathematically to Eq. [1] to determine the parameters

of k and n. The grain growth exponent in Eq. [1] was
approximately 0.05 for temperatures lower than 0.78 Tm,
where Tm is the absolute melting temperature. The fitted
values of k were plotted vs 104/(RT) to achieve the activa-
tion energy for grain growth, shown as Figure 8 in Refer-
ence 7 based on a well-known Arrhenius-type equation:

k 5 k0 exp ð#Qgg=RTÞ [2]

where k0 is the rate constant independent of the absolute
temperature T, Qgg is the activation energy for grain growth,
and R is the molar gas constant. The activation energy for
grain growth was determined to be 79 kJ/mol.[7]

In the current study, the highest temperature involved in
the SPS consolidation was 350 °C (0.72 Tm), which is less
than 0.78 Tm. Therefore, the exponent value n can be trea-
ted as 0.05 for all the temperatures, and Eq. [1] becomes
d20 # d200 5 kt: Although most of the grain growth will
probably occur at high temperatures (;350 °C), the grain

Fig. 7—TEM bright-field images from SPS-consolidated cryomilled 5083
Al showing (a) the band structure and (b) separated narrow coarse-grained
aggregates (as indicated by regions A and B in the SPS-consolidated
cryomilled 5083 Al).

Fig. 8—Optical micrographs of the SPS-consolidated cryomilled 5083 Al:
(a) well-polished surface, showing the coarse-grained aggregates (bright
regions) and fine-grained regions (dark regions); and (b) etched surface
showing the contour of the particles.
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growth cannot be neglected during the heating stage from
room temperature to 350 °C. As an approximation, the
linear heating can be divided into six constituent elements
plus a holding stage as the seventh element, with the mean
temperature designated as Tj ( j 5 1, 2, . . ., 7), as shown in
Figure 10. Equation [1] is applied to each stage, yielding
the following formulas:

d201 # d200 5 k1t1

. . .

d207 # d206 5 k7ðt7 # t6Þ

where tj and dj are the time and grain size, respectively, at
the end of each stage.

These equations are summed and values for tj are sub-
stituted, giving rise to

d207 # d200 5 30ðk11 k21 k31 k41 k51 k6Þ1 120k7 [3]

where kj is the rate constant at the temperature of Tj, which
can be obtained from Figure 8 in Reference 7 after mod-
ification with a constant for unit conversion, assuming the
activation energy for grain growth is taken as 79 kJ/mol, the
value deduced for the cryomilled Al. Since the material
used in this study is 5083 Al, which is slightly different
than the material (pure Al) used in Reference 7, the kj
values were obtained on the basis of Tm. When 1/n 5 20,
d207 $ d200 and Eq. [3] can be simplified to

d207 5 30ðk11 k21 k31 k41 k51 k6Þ1 120k7 [4]

As a result, the final grain size ðd207 Þ after 180 seconds of
ramping and 120 seconds of holding at 350 °C is calculated
to be 39 nm, which is less than the values determined from
both TEM and XRD, indicating that the real activation
energy for grain growth during SPS is slightly lower than
that for isothermal annealing, yielding a higher grain
growth rate.
It is believed that the current through the specimen can

enhance the mass transport rate during SPS.[13,16] Garay
et al. examined the current effect on the growth rate for
intermetallic materials in the Ni-Ti system and found it to
be enhanced by 43 times at a current density of 2546 A/cm2

when compared to that without current at a constant tem-
perature of 650 °C.[14] In another related study, Lormad
et al. observed significant grain growth in several metals
when under the influence of an electric current. Further-
more, the direction of motion of these grain boundaries
was biased (i.e., preferential migration toward the

Fig. 9—The corresponding hardness values derived from nanoindentation
for SPS-consolidated cryomilled 5083 Al. The inset is the schematic show-
ing the lines along which hardness was measured using nanoindentation.

Fig. 10—Schematic showing the constituent elements used to approxi-
mate the temperature during SPS for the grain growth estimation.

Fig. 11—The relative density and the measured and the calculated
densification rates as a function of time during the SPS consolidation of
cryomilled 5083 Al.
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electrode).[35] The limited effect of the current on the grain
growth in the inner part of the cryomilled particle, as
observed in the current study, which is manifested either
by limited grain growth or equiaxed grains in the fine-
grained region, indicates that the current density in the
inner part of the cryomilled Al particle is very small, even
though it is an electrically conductive material.
In this study, a load of 80 MPa was used to assist the

densification during SPS. In conventional sintering, the
applied load not only facilitates the densification but also
enhances the grain growth rate. In a related study by Park
et al.,[10] the average grain size of cryomilled Al evolves
from 25 to 116 nm after hot isostatic pressing (HIP) at 350 °C
for 10,800 seconds with the assistance of an isostatic pres-
sure of 170 MPa. As a comparison, in an isothermal anneal-
ing study, the cryomilled Al only grew to a size of 50 nm
after the same time at the same exposure temperature.[7] It
is apparent that the pressure has a significant influence on
the grain growth, due to the enhanced diffusivity under the
applied pressure. In the current study, the Al grains in the
inner part of the particle remain very fine (47 nm), even
with the assistance of the current and pressure. This result
indicates that both the current and the load have little effect
on the grain growth in the inner part of the particle. The
insignificant effect of current has been discussed previ-
ously, and the negligible effect of the load is explained
subsequently. Because the temperature on the outer surface
of the particle is very high and may exceed the melting
point of the Al in localized regions, the outer surface becomes
softer either by the softening at higher temperature or by
the melting to liquid phase. The applied load is damped by
the softer surface, and the actual strain in the inner part
of the particle introduced by the load is alleviated, resulting
in an insignificant effect of load on the grain growth.
Although 10 pct of the grains are coarse grains, the overall

grain size in the SPS-consolidated cryomilled 5083 Al is still
small, one of the smallest grain sizes ever reported in bulk Al
alloys produced by powder metallurgy derived methods. For
example, an average grain size of 116 nm has been observed
in a hipped Al-Mg alloy,[10] while the grain size in a 5083 Al
consolidated via CIP and extrusion was 207 nm.[11] This
smaller grain size is attributable primarily to the short sinter-
ing time needed for SPS consolidation.

B. Origin of the Coarse Grains

The coarse grains observed in this study actually are not
the traditionally defined coarse grains, which would be on the
order of 1 mm or larger in size, but instead are in the sub-
micron range, which is coarse in comparison to the fine-
grained regions. The origin of the coarse grains is explored
on the basis of experimental observations and several mech-
anisms are proposed, as discussed subsequently. As discussed
earlier, the current effect during SPS consolidation is insig-
nificant in the inner part of the Al particle. This implies that
most of the current is distributed on the outer surface of the
particle, i.e., the current density on the outer surface is very
high. As a fundamental physical phenomenon, at high fre-
quency, current is normally confined to the outer surface or
skin of a conductor, which is known as the skin effect.[36] The
current density decreases exponentially from the outer sur-
face to the interior region.[36] Moreover, during the initial

stage of SPS consolidation when the particle contact area
is small, the local current density is even higher. The high
current density at these surface contact points results in
extremely high temperature due to Joule heating, which leads
to melting or severe grain growth at these regions. The SPS
has been used successfully to weld metals and metal matrix
composites, providing further evidence of the local melting
or rapid mass transport on the surface.[37]

Minamino et al. attributed the coarse-grained region
observed in their work on the outer surface of mechanically
milled Fe-Al-C to a molten layer.[23] On the other hand,
Koizumi et al. proposed that the formation of the coarse-
grained region that surrounds the fine-grained region is due
to severe grain growth.[19] In the case where the local temper-
ature is high enough to produce a molten layer, the temper-
ature of the solid phase adjoining this molten layer is also
very high. At such a high temperature, also with the assis-
tance of the high current density and applied pressure, severe
grain growth is expected on the outer surface. Therefore,
melting and severe solid-state grain growth can both be
responsible for the formation of the coarse-grained aggre-
gates on the outer surface of the SPS-consolidated particles.
Hu[38] proposed that grains/subgrains might rotate by a

boundary diffusion process until adjacent grains were of
similar orientation. These grains would then coalesce into
a larger grain. Zhou et al. applied this mechanism to explain
the grain growth in cryomilled Al powder.[29] The large
grains can ‘‘eat’’ NC Al grains, or NC Al grains coalesce
with each other to form medium-sized grains and then these
medium-sized grains coalesce to form large grains. How-
ever, direct evidence is still lacking to support this mecha-
nism for grain growth. In the current study, a coarse grain
with a relatively smaller rectangular protrusion on an edge
of the large rectangular grain is observed, which is not
stable thermodynamically, as shown in Figures 6(c) and
(d). This structure provides direct experimental proof of
grain coalescence as a possible grain growth mechanism.
A band structure is observed in the SPS-consolidated

cryomilled 5083 Al. This band structure is a typical struc-
ture observed in severely deformed metals after annealing
(including cryomilled powder).[28,29] Zhou et al. found this
band structure in cryomilled Al after isothermal annealing
at a temperature of 250 °C for 1 hour.[29] Thus, this band
structure need not occur only at the outer surface of the
particles, because the average temperature in the specimen
is approximately 350 °C. Coarse grain aggregates can also
be formed by diffusion to fill the interparticle spaces or the
pores and crevices of the cryomilled powders, as observed
in Figure 7(b).[30] The temperature in the regions around
these pores and crevices is also high due to the skin effect
of the current. Therefore, the diffusion in these regions is
greatly enhanced by the high temperature and high current
density, allowing diffusion to result in the filling of these
spaces within a few minutes.

C. Densification Mechanisms

The densification mechanisms involved in SPS consoli-
dation are still under discussion within the research com-
munity. Researchers have attributed the fast densification
process in SPS to the interparticle electric discharge and
current effect, which also have been discussed in this article
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to explain the microstructural features in the bulk sample.
However, few quantitative research efforts have been under-
taken to investigate the densification mechanisms during the
SPS process. Koizumi et al. extrapolated the well-established
densification theory for the HIP process to the SPS process,
and a reasonable match was obtained.[19] As discussed by
Koizumi et al.,[19] the role of the applied pressure in SPS can
be treated as quasi-isostatic pressing, i.e., isostatic in the
inner region of the compact but not near the surface. A
certain amount of material near the surface is usually
removed during polishing, which would probably remove
the layer that experienced anisostatic pressing. Furthermore,
powder synthesized with mechanical milling normally has a
granular shape with good fluidity. It is possible to apply
isostatic pressure to most of the powder specimen through
granular powders as a pressure-transmitting medium.[39] The
densification behavior in HIP has been quantitatively inves-
tigated and densification maps have been developed on the
basis of the contribution of each mechanism.[40,41,42] In these
studies, it was determined that plastic yielding, power-law
creep, and diffusion from the particle contact zones to
the void surface are the principle densification mechan-
isms involved in the HIP process. Viscous flow,[42] Nabarro–
Herrring and Coble creep,[41] and pore separation and grain
growth[41] are some other possible densification mechanisms.
The aforementioned mechanisms in HIP are likely to occur
in the SPS process, due to the reasonable approximation of
the isostatic pressure status in SPS.
Similar to HIP, the densification mechanisms in SPS can

be revealed with the study of the dimensional change dur-
ing SPS. The dimensional change can also be expressed as
the change in relative density. The machine itself influences
the value of the dimensional change, as a result of the
thermal expansion from both the electrodes and graphite
punches during the heating stage. Therefore, the dimen-
sional change shown in Figure 1 must be modified to
account for this thermal expansion. The evolution in the
relative density, being modified for thermal expansion,
and the densification rate are plotted and shown in Figure 11.
A set of mathematical expressions developed for HIP con-
solidation are used here in an attempt to explore the densi-
fication mechanisms involved in SPS consolidation, as
shown subsequently.[40,41,42]

(1) Plastic yielding:

_DYield 5 ‘ if p. plim [5]

_DYield 5 0 if p # plim [6]

plim 5 1:3
ðD3 # D3

0Þ
ð1# D0Þ sy if D # 0:9 [7]

plim 5
2sy

3
ln

1

1# D

% &
if D. 0:9 [8]

where _D is the densification rate, D is the relative density,
D0 is the initial relative density, sy is the yield strength, p is

the applied pressure, and plim is the limiting external pres-
sure required to cause yielding.
(2) Power-law creep (PLC):

_D 5 5:3ðD2D0Þ1=3 x
R

_e0
sn
0

% &
Peff

3

% &n

if D # 0:9 [9]

_D 5
3

2

_e0
sn
0

% &
Dð1# DÞ

½1# ð1# DÞ1=n"n
3

2n
Peff

% &n

if D. 0:9 [10]

where x is the neck radius, R is the particle radius,
ð _e0, s0, nÞ are the power-law parameters, and Peff is the
effective pressure.
(3) Diffusion from interparticle boundaries:

_D 5
43ð1# D0Þ2
ðD# D0Þ2

ðdDb1 rDvÞ
kTR3

VPeff if D # 0:9 [11]

_D 5 54
VðdDb1 rDvÞ

kTR3
5ð1# DÞ1=2Peff if D. 0:9 [12]

where dDb is the grain boundary diffusion coefficient times
the boundary thickness, Dv is the volume diffusion coeffi-
cient, r is the radius of curvature of the neck, r is the pore
radius, V is the atomic volume, k is the Boltzmann con-
stant, and T is the absolute temperature. The yield strength
(sy), shear modulus (m) and diffusivity (Dv and dDb), are
temperature-dependent values. The terms Peff, x, r, and r
are each a function of relative density. These values can be
derived from the equations in the Appendix. All of the
parameters used for subsequent calculation are also listed
in the Appendix.
The value of plim was calculated from Eqs. [7] and [8]. It

is found that when the time is less than 72 seconds, plim is
less than 80 MPa (the applied pressure), indicating that
plastic yielding contributed to the densification of the cry-
omilled Al at this stage. This phenomenon is similar to that
in the HIP process, i.e., the plastic yielding is significant
during the initial stage and then this effect diminishes and
finally disappears as the area of particle contact becomes
larger. It is foreseeable that the effect of plastic yielding is
more significant in SPS than in HIP, because SPS can pro-
vide local regions of high temperature in the specimen,
which causes the material to soften. For this reason, the
extension of plastic yielding, i.e., after 72 seconds during
SPS, is possible. Swinkes et al. proposed that viscous flow
is a possible densification mechanism in HIP.[42] As dis-
cussed previously, during the initial stage of SPS consol-
idation, temperatures higher than the equilibrium values
measured by the thermocouple can occur at localized
regions. These elevated temperatures may cause regional
melting on the outer surface of the particle, leading to sig-
nificant viscous flow. The enhanced plastic yielding and
viscous flow can be the cause of the first peak in the mea-
sured densification rate (Figure 11).
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The effects of power-law creep and diffusion were eval-
uated using Eqs. [9] through [12]. After plastic yielding
stops, power-law creep and diffusion begin to dominate as
causes of densification. From the time of 73 to 140 sec-
onds, the densification rate associated with power-law
creep is 6 to 10 times that of diffusion, indicating that
the dominant densification mechanism is the power-law
creep. After that period, the densification rates caused
by these two mechanisms tend to be equivalent, indicating
both power-law creep and diffusion are the main densifi-
cation mechanisms. The sum of the densification rate from
the power-law creep and diffusion as a function of time is
plotted in Figure 11 as the ‘‘calculated’’ value. There are
two noticeable differences between the measured and cal-
culated densification rates. First, the calculated value is
much less than the measured, indicating that either other
densification mechanisms are involved in SPS at this stage
or the densification rates associated with power-law creep
and diffusion in SPS are much higher than those in HIP.
Helle et al.[41] observed that a new densification mecha-
nism (Nabarro–Herring/Coble creep) contributes to densi-
fication in HIP, if the grain size is significantly smaller
than the particle size. Considering this effect for the cur-
rent study, the Nabarro–Herring/Coble creep effect is esti-
mated to be one tenth that of the power-law creep, if a grain
size of 200 nm is assumed, and is comparable to that of
power-law creep, if a grain size of 50 nm is assumed.
The grain size on the outer surface is quite large, according
to the TEM observations, and thus 200 nm is a more appro-
priate choice for the calculation. For this situation, the
effect from Nabarro–Herring/Coble creep is insignificant.
Also, the mechanism of plastic yielding may extend to this
stage, but it seems that the enhanced densification rate is
more likely attributed to the current effect; i.e., the high
current density at the contact regions enhances the mass
transport. Garay et al.[14] observed a significant increase
(;40 times) in the mass transport rate during SPS consol-
idation. The second difference observed in Figure 11 is that
the peak in the measured curve is located left of the peak in
the calculated one. Early in the process there is less contact
area and thus higher current density, which is not accounted
for in the equations derived for HIP consolidation. This
higher current density resulted in the higher densification
rate (peak) occurring earlier in the process.

D. Temperature Field Distribution

For an electrically conductive specimen (such as cryo-
milled Al), heating can result from both the passing of
pulsed current (Joule effect) and the heat transfer from
the graphite die and punches.[13] Due to its unconventional
heating style, a gradient in the temperature field is possi-
ble, and the existence of a temperature gradient then
results in a gradient in both microstructure and physical
properties within the SPS-consolidated specimen. Wang
and Fu[43,44] have measured and calculated the temperature
difference between the center of the sample and the inner
surface of the die (in the radial direction). If the heating
rate is not too high and the specimen is a good thermal
conductor, the difference in temperature is small. Other-
wise, the temperature at the center could be several hun-
dred degrees centigrade higher than that at the inner

surface of the die.[43] Anselmi-Tamburini et al.[45] found
that the radial temperature difference for a thermally con-
ductive metal (e.g., Cu) is relatively small (;5 °C). Cry-
omilled Al is a good thermal conductor and the heating
rate used in this study is not high; thus, the radial temper-
ature difference should be small (on the order of several
degrees centigrade). This small difference caused negli-
gible property variation, as evidenced by the relatively
constant average hardness values (Figure 9). In addition
to a radial temperature distribution, an axial temperature
distribution can exist in SPS. This gradient results from
the asymmetric positioning of the plungers in the die.[45]

An axial temperature gradient results in inhomogeneity in
density and physical properties.[45] In the current study,
variations in hardness in the axial direction were not
observed. This can be rationalized by the small sample
thickness (2 mm) and the good thermal conductivity of
the Al.

V. CONCLUSIONS

1. A nanocrystalline 5083 Al alloy powder was fabricated
by cryomilling. The cryomilled powder exhibited an
equiaxed grain with an average grain size of approxi-
mately 25 nm. The particle size of the cryomilled pow-
der was in the range of 10 to 50 mm.

2. The cryomilled powder was consolidated using SPS to a
fully dense bulk material at 350 °C in a very short time
(300 seconds). The nanostructure in the cryomilled
powder was retained after SPS and the average grain
size in the SPS-consolidated cryomilled 5083 Al was
approximately 50 nm, one of the smallest grain sizes
ever reported for bulk Al.

3. During SPS, the current density in the inner part of the
cryomilled particles was insignificant, and most of the
current was distributed on the outer surfaces of the par-
ticles, as determined through the study of the grain
growth kinetics in the inner part of the particles and
the microstructure of the outer surfaces.

4. Coarse-grained aggregates were observed in the SPS-
consolidated cryomilled 5083 Al, most of which were
located on the outer surfaces of the particles, as a result
of locally high temperature caused by the electric dis-
charge and high current density at these regions. These
coarse grains can be formed by melting, severe grain
growth, and diffusion.

5. The densification mechanisms involved during SPS
were revealed by the study of the microstructure and
the densification rate. It seems that plastic yielding, vis-
cous flow, creep, and diffusion are responsible for den-
sification during SPS. Also, the current affected the
mass transport during SPS and greatly enhanced the rate
of grain growth at the outer surfaces of the particles, as
well as the creep and diffusion rates.

6. No hardness gradients were observed in either the radial
or axial direction, indicating negligible temperature var-
iations within the SPS die. However, local variations in
hardness were observed, providing further evidence of
the regional variations in microstructure (i.e., coarse-
grained and fine-grained regions).
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APPENDIX

Material Property Cryomilled Al

Atomic volume, V (m3) 1.66 3 10#29[46]

Burgers vector, b (m) 2.86 3 10#10[46]

Melting temperature, Tm (K) 864
Yield strength at 300 K, s0 (MPa) 580[47]

Temperature dependence of
strength, Tm

s0

ds
dT

#2.35[47]

Shear modulus at 300 K, m0 (GPa) 25.4[46]

Temperature dependence of
modulus, Tm

m0

dm
dT

#0.50[46]

Lattice diffusion
Pre-exponential, D0n (m

2/s) 1.7 3 10#4[46]

Activation energy, Qn (kJ/mole) 142[46]

Boundary diffusion
Pre-exponential, dD0b (m

3/s) 5.0 3 10#14[46]

Activation energy, Qb (kJ/mole) 84[46]

Power-law creep
Exponent, n 4.4[46]

Dorn constant, A 3.4 3 106[46]

Applied load, p (MPa) 80[46]

Radius of particle, R (mm) 15[46]

Initial relative density, D0 0.63[46]

sy 5 s0 11 ð1#300Þ
Tm

# $
Tm

s0

ds
dT ;m 5 m0 11 ð1#300Þ

Tm

# $
Tm

m0

dm
dT ; Ref: 41

Dv 5 D0v exp # Qv

RT

# $
; dDb 5 dD0b exp # Qb

RT

# $
; Ref: 41

_e
sn
0

5
AbDv

kTmn#1 ; Ref: 41

x 5 1ffiffi
3

p D#D0

1#D0

# $1=2
R; r 5 RðD# D0Þ; r 5 R 1#D

6

' "1=3
; Pe f f 5

Pð1#D0Þ
D2ðD#D0Þ ;

Ref. 41
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