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Cryomilled nanocrystalline commercially pure (CP)-Ti powders were spark plasma sintered
(SPS) using different process parameters (heating rate, temperature, pressure, and dwell time) to
study densification, microstructure, and mechanical behavior. The results were rationalized on
the basis of the relevant literature and experimental results, and they reveal a strong dependence
on SPS parameters. An interesting finding was that the measured high ductility was accom-
panied by a moderate strength (yield strength [YS] = 770 MPa, ultimate tensile strength
[UTS] = 840 MPa with ~27 pct elongation to failure). The combinations of microstructure and
mechanical response were attributed to the multistep processing at different temperature ranges
as well as to the presence of interstitial solutes.
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I. INTRODUCTION

TITANIUM alloys are widely used as structural
materials especially for aerospace, marine, and biomed-
ical applications due to their high specific strength, high-
temperature stability, excellent corrosion resistance and
biocompatibility.[1–3] Even though many alpha, near-
alpha, beta, and alpha-beta alloys are available and
widely used for different applications, certain require-
ments demand the use of commercially pure (CP) grades
of titanium. As an example, the superior corrosion
resistance of CP-Ti, as compared to that of other Ti
alloys renders it the preferred material for applications in
reaction vessels and heat exchangers.[1,2,4] CP-Ti also has
distinct advantages as a biomedical implant material
because it doesnot contain elements suchasAl andV,which
are reported to cause adverse biological reactions.[5,6]

However, CP-Ti grades exhibit relatively lower strength
as compared to other commercially available Ti alloys,
and this limits their use for many other applications.[1]

In recent years, studies have reported improvements
in mechanical properties for ultrafine-grained (UFG)
and nanostructured (NS) CP-Ti; particularly notewor-
thy are those processed via severe plastic deformation
techniques.[7–11] This trend is illustrated by reports of
CP-Ti with combinations of high tensile strength and
good ductility (900–1500 MPa ultimate tensile strength
[UTS] and 6–25 pct elongation to failure) as reported in
different studies when processed via high-pressure tor-
sion,[9] equal-channel angular pressing (ECAP),[7,12] and
cryomilling.[13,14] For example, Semenova et al.[7]

reported up to 1150 MPa room temperature tensile

yield strength (YS) and 1240 MPa UTS with a tensile
elongation value of 11 pct, using ECAP followed by a
heat treatment step.
The microstructure and mechanical behavior of cryo-

milled CP-Ti was studied previously by Ertorer
et al.[13,14] In these studies, balanced combinations of
strength and ductility were reported. Also in these
studies, quasi-isostatic (QI) forging was used as a
consolidation and secondary deformation method. Spe-
cifically, a multistep approach was adopted in this study
and involved cryomilling, blending with micron-sized
powders (to generate a multiscale microstructure),[15]

hot vacuum degassing, and QI forging produced mate-
rials with a multimodal grain size distribution. In room-
temperature tensile tests, a YS of 840 MPa, a UTS of
902 MPa, and an elongation to failure value of 27.5 pct
were measured for these samples. More detailed infor-
mation related to cryomilled Ti powders and bulk
materials is available in related publications by Sun
et al.[16,17] and Ertorer et al.[14]

In view of the aforementioned results, the objective of
the present work is to investigate the consolidation
behavior, microstructure evolution and mechanical
behavior of cryomilled CP-Ti powders consolidated
via the spark plasma sintering (SPS) technique. In the
last- two decades, SPS has emerged as an interesting
consolidation approach given its reported ability to
densify metal and ceramic powders fully in a short time
interval, thereby helping retain the starting microstruc-
ture.[18–25] SPS can be grouped as one of various field
activated sintering methods that are commercially avail-
able, in which a pulsed electric current is passed through
the powder sample in a graphite die pressed to desired
pressure between two electrodes.[18,26,27] SPS has
emerged as a possible consolidation pathway for NS
materials given the shorter sintering times involved,
which reportedly limit the grain growth, relative to the
longer time exposures typically involved in conventional
methods, such as hot pressing (HP) and hot isostatic
pressing.[19,20,26,28] Interestingly, however, and despite
numerous scientific studies completed with different
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materials, the underlying mechanisms that govern sin-
tering during SPS are poorly understood.[20,27,29] The
main characteristics of the SPS process can be listed as:
(1) a relatively high heating rate (typically 50 K/min to
200 K/min, 1000 K/min [50 �C/min to 200 �C/min, 1000
�C/min] maximum), (2) application of a uniaxial
pressure (~100 MPa maximum for a graphite die), and
(3) effect of the current (in the order of 103 Amps
depending on the die size, heating rate, temperature, and
material).[20,26,27] However, the precise influence of the
magnitude of these parameters on microstructure evo-
lution depends strongly on materials chemistry, as
documented in the literature.[19,26,27,29]

A review of the published literature shows that SPS
has been applied to consolidate cryomilled Al[30] and
Ni[31] alloys, but literature on SPS-consolidated cryo-
milled CP-Ti is not available. Accordingly, in the current
study, powder CP-Ti samples from a predetermined
mixture of cryomilled NS+as-received micron-sized
powders were SPS processed using different heating rates
(50 K/min and 100 K/min [50 �C/min and 100 �C/min]),
sintering temperatures (1023 K, 1073 K, 1123 K, and
1173 K [750 �C, 800 �C, 850 �C, and 900 �C]), dwell times
(3 minutes and 5 minutes) and pressures (40 MPa and
80 MPa) to investigate the densification response, micro-
structure evolution, and mechanical behavior. The goal
of the current study is to enhance our fundamental
understanding of the influence of SPS parameters on
final density, grain size, microhardness, and room
temperature tensile behavior. The current results are
also compared to previous data obtained from cryo-
milled and QI-forged samples of CP-Ti.[13,32]

II. EXPERIMENTAL

CP-Ti (grade II) powders (Advanced Specialty Met-
als, Inc., Nashua, NH) with an average particle size of
55 lm, grain size typically in the 1–30 lm interval, and a
chemical composition (in wt pct) of 0.19 pct O,
0.0017 pct N, 0.003 pct C, and 0.013 pct Fe were used
as starting materials for the cryomilling experiments. A
1-kg batch of powders was cryomilled for 8 hours in a
liquid argon environment (183 ± 5 K) (90 �C) using a
modified Union Process 1-S Szegvari (Union Process,
Akron, OH) type attritor (impeller rotation speed of
180 rpm), a stainless steel tank, and 30 kg stainless
steel balls. Carbon black (C, 99.9+pct, acetylene)
(0.4 wt pct) was used as a process control agent (PCA)
to improve powder yield.[33] Elemental chemical analy-
ses of both cryomilled powders and SPS processed bulk
samples for O, C, N, H, and Fe were carried by a
commercial laboratory (Luvak, Inc., Boylston, MA).

The cryomilled powders were annealed for 1 hour at
different temperatures in closed stainless steel tubing.
X-ray diffraction (XRD) experiments were made using
a Scintag XDS 2000 (Scintag Inc., Cupertino, CA)
diffractometer (Cu Ka) for phase identification and
crystallite size calculations.

The as-processed cryomilled powders were blended
with micron-sized, as-received powders (70 pct cryo-
milled+30 pct as-received, wt/wt) using a V-shape

blender for 10 hours in an argon environment. The
selection of a 70 pct cryomilled+30 pct as-received mix-
ture was motivated by numerous reports on improved
ductility in bimodal and multimodal metals,[15,34–38] as
well as earlier experiments on QI-forged cryomilled Ni
and Ti.[13,14,39,40] The blended powders were degassed in
a closed stainless steel can under vacuum (~10�3 Pa) at
623 K (350 �C) to eliminate moisture and other volatile
species using a Varian Turbo-V 70D (Varian Inc., Santa
Clara, CA) turbo molecular pump equipped with a
Terranova Model 934 vacuum gage controller (Duniway
Inc., Mountain View, CA) and a tube furnace. The
degassed can was opened and powders were stored in an
argon glove box until SPS processing to minimize
possible atmospheric contamination.
SPS experiments were carried using an SPS-825S DR.

SINTER apparatus (SPS Syntex Inc., Japan) under a
vacuum condition (~6–8 Pa). Approximately 30 grams
of the powder blend was loaded to a high-density
graphite die with 50 mm internal diameter, immediately
prior to each experiment. Thin graphite foils were placed
between powders and graphite die surfaces to prevent
welding and obtain a more uniform current flow. The
desired sintering pressure was applied prior to heating
and maintained until the end of sintering. A total of 9
samples were sintered using experimental parameters as
shown in Table I). Accordingly different heating rates
(50 K/min and 100 K/min [50 �C/min and 100 �C/min]),
sintering temperatures (1023 K, 1073 K, 1123 K, and
1173 K [750 �C, 800 �C, 850 �C, and 900 �C]), dwell
times (3 minutes and 5 minutes), and pressures (40 MPa
and 80 MPa) were used. The SPS samples were ground
and polished to fine and graphite-free surfaces prior to
density measurements and microhardness testing.
Archimedes’ method was used for density measure-

ments. The samples were soaked in a 70 pct water+30
pct methanol (vol/vol) solution prior to measurement in
water to eliminate any air bubbles present. Microhard-
ness studies were carried using a Buehler Micromet 2004
Vickers (Buehler Inc., Lake Bluff, IL) hardness tester at
a 9807 mN load. Each sample was measured at 10
different locations to calculate average microhardness.
Room-temperature tensile behavior of the specimens

was determined at a constant strain rate of 10�3 s�1, and
strain rate sensitivity was measured via strain rate jump

Table I. List of SPS Samples with Corresponding Process

Parameters

Sample #
Heating

Rate (C/min)
Dwell

Temp [C]
Dwell

Time (min)
Pressure
(MPa)

1 50 750 5 80
2 50 800 5 80
3 50 850 5 80
4 50 900 5 80
5 50 850 3 80
6 50 850 5 40
7 100 850 3 80
8 50 850 3 40
9 100 850 5 40
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testing at strain rates of 10�5 s�1, 10�4 s�1, 10�3 s�1,
10�2 s�1 using an Instron 8801 (Instron Inc., Norwood,
MA) universal testing machine equipped with a video
extensometer and Blue Hill software (Norwood, MA).
Flat dogbone test specimens with ~10 mm gage length,
3–3.5 mm width, and 2.5–3 mm height were electrodis-
charge machined (EDM) by Toyota Racing Develop-
ment (Costa Mesa, CA).

Remnant pieces were used for chemical and micro-
structure analysis. Accordingly, thin foils for transmis-
sion electron microscopy (TEM) analysis were prepared
via mechanical grinding (to 80 lm thickness), dimpling
(to 10–20 lm center thickness), and ion milling with
4 kV Ar ions. The TEM observations were made using a
Philips CM12 microscope operated at 100 kV and a
JEOL 2500SE microscope operating at 200 kV.

III. RESULTS AND DISCUSSION

A. Cryomilled Powders

The chemical analysis results show that the 8-hour
cryomilled powders contain 0.252 pct O, 0.20 pct N,
0.26 pct C, 0.0056 pct H, and 0.087 pct Fe by weight.
The amounts of O, N, C, and Fe are found to be
significantly increased as compared to the composition
of the starting powders. Powder contamination is an
inherent characteristic of cryomilling, and it may arise
either from the processing media or from the atmo-
sphere.[14,16,33,41] Carbon black, used as PCA, represents
the origin of increased C content, whereas the steel
milling media is the source for Fe contamination. The
increased amounts of N and O are attributable to
atmospheric contamination during powder handling
and transport prior to chemical analysis. HCP Ti is
known to have a high affinity for O and N atoms, which
can be accommodated as interstitial solutes (max.
~2.6 wt. pct O, and 8 wt. pct N), and possible stable
oxides/nitrides (TiO, Ti2O3, Ti3O5, TiO2, and
TiN).[1,2,16,42] No evidence supporting the presence of
second-phase particles was found in TEM and XRD
studies, and therefore, N and O atoms are deduced to be
present as interstitial and grain boundary solute atoms.
The details related to N and O diffusion, and the
formation energies of second phases are presented
elsewhere.[42]

Cryomilled Ti powders are even more sensitive to
atmospheric contamination due to increased grain
boundary area and dislocation density,[41] which are
known to stimulate rapid diffusion mechanisms such as
grain boundary diffusion and pipe diffusion.[43–45] Grain
boundaries and dislocations accommodate solute atoms
more readily as a result of their higher surface
energy.[46,47] The results are also consistent with earlier
studies on cryomilled Ti,[17] Al,[48] and Ni[49] alloys, as
well as general literature on the Ti structure.[2,12,42]

The average grain size of 8 hours of cryomilled
powders was calculated to be 19 nm from the XRD
peak broadening data using the single-line-approxima-
tion analysis developed by De Keijser et al.[50] Approx-
imating the grain size broadening profiles by a Cauchy

function, the grain size (D) can be estimated from each
diffraction peak with diffraction angle h by:

D ¼ kk

bf
c cos h

where bc
f is the constituent Cauchy component.

The measured grain size is consistent with earlier
cryomilled CP-Ti and grain size evolution models which,
suggest that there is a minimum grain size is attainable
during cryomilling.[51,52] A dislocation model developed
by Mohamed[51] describes this minimum grain size (i.e.,
dmin) quantitatively, and it is based on a balance
between dislocation generation, and recovery. Consid-
ering the rates of generation and recovery, dmin is given
by:

dmin

b
¼ Ae

�bQ
4RTð Þ DPOGb

2

m0kBT

� �0:25
c
Gb

� �0:5 G

r

� �1:25

where A and b are constants, Q is self-diffusion
activation energy, b is the magnitude of the Burgers
vector, R is the gas constant, T is the absolute
temperature, DPO is the pipe-diffusion coefficient, m0 is
the initial dislocation velocity, kB is Boltzmann’s con-
stant, c is the stacking fault energy, G is the shear
modulus, and r is the applied stress.
Despite the reported thermal stability of cryomilled

CP-Ti powders,[17] as documented in the literature,
experiments were conducted in the current study to
investigate the effects of carbon black used as PCA. The
calculated grain sizes from XRD peak broadening
profiles for corresponding annealing temperatures were
plotted in Figure 1. As can be interpreted from the data,
there is a reduction in grain size in the 673 K to 873 K
(400 �C to 600 �C) temperature range, which is similar to
the previously reported results for liquid nitrogen
cryomilled powders. This is attributable to the presence
of a critical temperature range, where dislocation slip
across interstitial solutes is thermally activated, as
presented in earlier detailed studies.[42,53,54] This is
thought to cause a realignment of dislocations, forming
a refined structure.

Fig. 1—Annealing temperature vs grain size plot for 1 h annealed
cryomilled powders.
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B. Densification

The measured densities and their density ratios (e.g.,
relative to theoretical density) for SPS samples are given
in Table II. The most noteworthy finding from the
density data is the positive effect of a higher applied
pressure on densification. The results reveal that a
density larger than 99 pct of the theoretical density of
hcp Ti was achieved when 80 MPa uniaxial pressure was
applied during sintering. In contrast with this observa-
tion, however, the measured densities remained in 98 pct
to 99 pct interval when the applied pressure was
40 MPa. This finding is not surprising because the
positive effect of a higher applied pressure on densifica-
tion is a well-established phenomenon in powder met-
allurgy.[55,56] In the relevant literature, mechanical and
intrinsic effects of an applied pressure field on densifi-
cation were reported.[55] The mechanical effect is more
direct as the pressure reduces the interparticle spacing
and thereby enhances diffusion. Pressure also promotes
the breakup and destruction of the agglomerate struc-
ture that evolves during cryomilling. The intrinsic
contribution of pressure is related to the driving force
for sintering. At the microscopic level, the driving force
is capillary pressure associated with surface curvature of
particles. In the case of HP, effective pressures at the
initial (Pi) and final (Pf) stages of sintering are given by
the following equations[55]:

Pi �
4a2

px2
Papplied þ

cs
r

and Pf �
Papplied

q
þ 2cs

r

where a is the particle radius, x is the neck radius, r is the
radius of curvature of the neck surface, q is the relative
density of the compact, and cs is the surface energy.
These equations assume a simple cubic packing of
spherical particles, but here, the key term is the applied
pressure, and it is directly proportional to the effective
pressure for sintering (i.e., driving force).

The other SPS parameters, such as the heating rate,
sintering temperature, and dwell time, were found to
have no significant effect on densification when the
applied pressure was 80 MPa. However, a higher
heating rate (100 K/min [100 �C/min]) was found to
result in a slightly lower density (comparing sample #6
and #9) when the applied pressure was 40 MPa. The
lower density attained at higher heating rates is attrib-
utable to premature necking possibly resulting from the

formation of local hot spots and melting via arcing (i.e.,
dielectric breakdown) at the initial stages of heat-
ing.[23,28,57,58] This premature necking is thought to be
responsible for entrapment of porosities and, thereby, a
lower final density. Even though the underlying mecha-
nisms are not fully understood, the formation of a
dielectric breakdown event at the interparticle spacing
during field activated sintering processes has been previ-
ously mentioned in the literature.[28] The localization and
increase in magnitude of a dielectric breakdown event are
both factors that are expected to be higher at lower
applied pressures and higher heating rates during SPS
processing.[59] A lower applied pressure provides smaller
contact areas and larger spacing between individual
particles, whereas a high heating rate requires a high
applied current. For example, in the current study, even
during the initial stages of processing (in the 298 K to
373 K [25 �C to 100 �C] interval) the measured maximum
current for sample #9 (pressure: 40 MPa, heating rate:
100 K/min [100 �C/min]) was as high as ~3000 Amps,
whereas it was ~1600 Amps for samples #6 and #8
(pressure: 40 MPa, heating rate: 50 K/min [50 �C/min]).

C. Microstructure

Images of the SPS-processed sample microstructures
(from sample #4) are given in Figures 2(a) through (d).
The general microstructure is characterized by coarse-
grained and fine-grained regions, in agreement with
multimodal material design (i.e., powder blending). As
can be observed in the SEM micrograph (Figure 2(a)),
the microstructure represents a size (i.e., grain diameter)
distribution in the range of 200 nm to 40 lm. The grains
characterized in the size range of 200 nm to 5 lm are
thought to originate from cryomilled powders, and larger
grains observed are thought to originate from as-received
powders. Another characteristic of the microstructures is
the observed dislocation tangling near grain boundaries
as represented in Figure 2(d). Formation of a disloca-
tion-rich microstructure is characteristic to cryomil-
ling.[16,41] A similar microstructure was also reported
for cryomilled and quasi-isostatic forged CP-Ti sam-
ples.[14] The formation of such a microstructure is
attributable to variations in dislocation—solute atom
interactions at different temperature regimes. Conrad,[42]

in a review article, discussed the kinetics of disloca-
tion—solute atom interactions, at a cryogenic tempera-
ture, at room temperature, and at an elevated
temperature (T> 673 K [400 �C]). Accordingly, at cryo-
genic temperatures, solute atoms act as strong obstacles
for a dislocation motion that causes the formation of
solute-rich dislocation arrays. During a consolidation
step at elevated temperatures, this effect is removed and
results in the alignment of dislocations forming new grain
boundaries (at ~673 K to 773 K (400 �C to 500 �C)), and
coarsening (T> 773 K [500 �C]). However, deformation
at room temperature (e.g., tensile testing) caused a
refinement (postmortem microstructure for sample #5 is
shown in Figure 3) due to the formation of dislocation
networks. This is due to the re-establishment of the
barrier effect of solute atoms, limiting prismatic disloca-
tion slip.[42,54,60,61] This effect is presumably not severe, as

Table II. Density and Microhardness Measurement Results

for SPS Samples

Sample
Density
(g/cm3)

d/dtheoretical
(pct)

Average
Microhardness (HV)

1 4.4759 99.24 237
2 4.4757 99.24 247
3 4.4728 99.18 249
4 4.4722 99.16 244
5 4.4741 99.2 247
6 4.4371 98.38 243
7 4.4741 99.2 247
8 4.4413 98.48 240
9 4.424 98.09 240
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it is at cryogenic temperatures but still effective enough to
facilitate the dominant deformation mechanisms as will
be discussed in the next section.

D. Mechanical Behavior

The mechanical behavior of the SPS-consolidated
samples was evaluated on the basis of the microhardness
and tensile testing results. It is noteworthy, despite a
narrow distribution of measured microhardness values
for different samples (in the 237–249 HV interval as
presented in Table II), that the variations in measured
tensile YS, UTS, and ductility (i.e., elongation to failure)
were notably large as presented in Table III. Such an
inconsistency between microhardness and tensile data is
attributable to the presence of extrinsic and intrinsic
structural differences (i.e., insufficient interparticle
bonding for some samples and microstructural factors
affecting deformation mechanism under tensile load-
ing).[62,63] The narrow distribution of microhardness is
attributable to the similar chemical composition and
average grain size of tested materials, where tensile
behavior is thought to be dependent on a number of
other factors, as mentioned previously.

Room-temperature stress–strain curves for specimens
tested at a constant strain rate (10�3 s�1) are presented
using a comparative approach in Figures 4 through 7.
Samples #1, #2, #3, and #4 are compared in Figure 4 to
reveal the isolated effect of sintering temperature (i.e.,
identical heating rate, pressure, and dwell time). Very
close YS and UTS values were measured for these
samples. However, not surprisingly, a higher sintering
temperature effectively improved the ductility. Such
behavior is attributable to weaker particle–particle
interfaces for samples consolidated below 1123 K (850
�C). Sufficient interparticle bonding is a critical first step
for attaining a good ductility for samples produced
through powder metallurgy routes.[36] Therefore, the
high postnecking strain measured for sample #4 is
attributable to improved interparticle bonding that
hinders crack propagation through particle boundaries.
The retained strength at high temperatures is attribut-
able to limited grain growth and UFG regions present as
a result of short processing times for SPS. This is a well-
established advantage of SPS process as illustrated by
earlier studies.[18,21]

In Figures 5(a) and (b), the effect of applied pressure
was compared for different samples using a similar

Fig. 2—Representative microstructure images from sample #4 showing (a) SEM micrograph of general microstructure, (b) TEM of coarse-
grained and fine-grained regions, (c) details on fine-grained region, and (d) dislocation tangling near grain boundary section.
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approach (i.e., identical heating rate, temperature, and
dwell time). Not surprisingly, a higher applied pressure
(80 MPa) improved the strength and ductility of sam-
ples due to the attained higher density and improved
interparticle bonding. These results are consistent with
earlier densification discussion and relevant literature,
revealing the contribution of a higher applied pressure
during SPS.[58,64] In fact, this factor supports the current
strategy of using higher pressure-resistant die sets (e.g.,
steel and tungsten carbide), thereby enabling a higher
applied pressure, as illustrated in relevant studies.[20,26]

Again, a similar comparative approach was used for
the heating rate (i.e., identical pressure, temperature,
and dwell time) and dwell time (i.e., identical heating
rate, temperature, and pressure) dependence. A lower
heating rate of 50 K/min (50 �C/min) was found to
improve the properties as compared to a higher heating
rate, in different ways when different pressures were
applied (i.e., higher strength for 40 MPa applied
pressure [Figure 6(b)] and higher ductility for 80 MPa
applied pressure [Figure 6(a)]). Both sample #6 (50
K/min [50 �C/min]) and sample #9 (100 K/min
[100 �C/min]) processed using a lower applied pressure
exhibited a limited post necking strain as a result of a

Fig. 3—A postmortem microstructure for sample #5 showing the
refined microstructure.

Table III. Tensile Properties of SPS Samples

Sample #

Yield
Strength
(MPa)

Ultimate
Tensile

Strength (MPa)
Tensile Elongation
at Fracture (pct)

1 721 776 11.4
2 704 758 8.3
3 709 768 16.4
4 706 776 29.3
5 770 838 26.4
6 710 775 14.4
7 752 823 19
8 698 758 18.4
9 670 734 14.2

Fig. 4—Engineering stress–strain curves comparing #1, #2, #3, and
#4 to reveal SPS temperature dependence.

Fig. 5—Engineering stress–strain curves comparing (a) #5 and #8
(dwell time = 5 min) and (b) #3 and #6 (dwell time= 3 mins), to
reveal SPS pressure dependence.
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relatively lower density. The higher strength of #6 is
believed to originate from a possibly inhibited localiza-
tion of heating at lower heating rates reducing the
excessive grain growth and coarsening. However, as
explained previously, such localization effects are
smaller when a higher applied pressure is used. Accord-
ingly, sample #7 (100 K/min [100 �C/min]) and #5
(50 K/min [50 �C/min]) (80 MPa applied pressure for
both) exhibit relatively similar tensile behavior. The
larger postnecking elongation for #5 is attributable to a
longer total processing time improving particle bonding.

A notably higher strength and ductility was observed
for sample #5 (3 minutes of dwell time) as compared to
sample #3 (5 minutes of dwell time), revealing the dwell
time dependence as illustrated in Figure 7. The longer
dwell time is thought to cause coarsening and annihilate
the nonequilibrium microstructure[65] (characterized by
a high interface energy and randomly oriented disloca-
tions at grain boundaries) due to the thermal recovery
effect. Significant literature evidence shows the contri-
bution of a nonequilibrium microstructure to disloca-
tion activity, which provides improved strength and
ductility in fine-grained structures.[11,66]

In addition to the comparative SPS data, in Figure 8,
selected SPS samples are as compared to an identical test
specimen machined from QI forged samples (at 1073 K
[800 �C]) of the same powder composition (i.e., 70 pct
cryomilled+30 pct as-received).[32] In this graph, both
sample #5, which exhibited the best tensile properties
among all SPS samples, and sample #2, which was
consolidated at 1073 K (800 �C) (i.e., same temperature
with QI forged sample), are presented as reference
materials. The higher strength of the QI forged material
is attributable to a further refined microstructure as a
result of the deformation introduced[67,68] and the
increased interstitial content due to atmospheric con-
tamination between the two forging steps (partially
densified sample is exposed to atmosphere at ~800 �C
[1073 K]). Additional evidence of a refined microstruc-
ture in QI forged material includes the lower strain
hardening observed during uniform elongation.[69]

The higher strength of cryomilled CP-Ti as compared
to that of conventionally processed CP-Ti is primarily
attributable the following factors: a refined micro-
structure (Hall-Petch mechanism),[62,70] an increased

Fig. 6—Engineering stress–strain curves comparing (a) #5 and #7
(pressure = 80 MPa) and (b) #6 and #9 (pressure = 40 MPa), to
reveal SPS pressure dependence.

Fig. 7—Engineering stress–strain curves comparing #3, and #5, to
reveal dwell time dependence.

Fig. 8—Engineering stress-strain curves comparing SPS samples with
quasi-isostatic forged sample (at 1073 K [800 �C]) of same powder
composition.
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interstitial solute concentration,[12,42,60,71] and disloca-
tion strengthening.[62] These factors are not independent
from each other because the microstructure formation
and deformation in hcp Ti has a strong dependence to
interstitial solute concentration, as shown in previous
studies by Conrad and coworkers.[42,54,72] The Friedel-
Fleischer[71] and Mott-Nabarro[73] models are generally
used to explain the isolated solid-solution strengthening
effects, which are typically more accurate for coarse-
grained structures. However, for cryomilled Ti, the
combined effects of obstacles (i.e., solute atoms, dislo-
cation, and grain boundaries) should be considered,
along with alternative deformation mechanism (i.e.,
grain boundary sliding) as all these are influenced by
each other.[61,74–76]

One of the most conspicuous findings in the current
study is the measured high ductility. Elongation to
failure values ~30 pct were measured for samples with
high strength (e.g., #4 and #5). As mentioned previ-
ously, the elimination of extrinsic effects such as
porosity or insufficient interparticle bonding is an
essential first step. However, even a density near
theoretical value and perfect interparticle bonding does
not guarantee a high ductility. The intrinsic microstruc-
ture governs the deformation and is responsible for the
mechanical response to applied loads. As shown in
many previous reports, it is hard to retain ductility for
high-strength bulk nanostructured metals.[69,77–79] Gen-
erally, high strength and good ductility are not present
together, and bulk nanostructured metals usually have
high strength and disappointingly low ductility.[79] This
is due to limited dislocation slip at such a small grain
size scale.[63] However, several recent studies report a
high ductility in nanostructured and UFG metals, and
these studies discuss effective strategies in light of
governing deformation mechanisms.[36,37,69] The pres-
ence of a bimodal or multimodal structure, twin
boundaries, second-phase precipitates, and nonequilib-
rium grain boundaries have been established as forth-
coming factors, which improve ductility in
nanostructured and ultrafine-UFG materials without a
significant loss in strength.[36] From a mechanistic point
of view, all these factors help to attain a large uniform
elongation via delaying necking instabilities. Hart’s
instability criterion[80] suggests that a high strain hard-
ening rate and strain rate sensitivity is essential for
delaying necking instabilities.[70,81] Accordingly, necking
instability sets when the condition given by the follow-
ing relation is reached.

1

r
@r
@e

� �
_e

�1þm � 0

The first term in this equation is the normalized
strain-hardening rate and the term m is the strain rate
sensitivity.

In the current study, the formation of a bimodal
microstructure attained via blending of as-received
coarse grain powders with cryomilled powders, is
thought to provide strain hardening and thereby help
delaying necking instabilities. A similar approach was
previously used for cryomilled materials, including

Al,[15] Ni,[39] and Ti[13] alloys. A bimodal or multimodal
structure can also be formed via thermomechanical
treatments and again provide a high ductility. For
example, in a related study, Wang et al.[38] reported an
improved ductility for high-strength cryorolled Cu after
low-temperature annealing.
The introduction of coarse grains into an ultra-fine

and/or nano-grained matrix also represents an effective
strategy to suppress crack growth and help retaining
fracture toughness as modeled by Ovid’ko and Shein-
erman.[35] This is also thought be an additional mech-
anism for the retained high ductility in SPS-cryomilled
CP-Ti materials in the current study.
The strain rate sensitivity (m) of the SPS materials was

measured and calculated on the basis of tensile strain
rate jump testing results. The true stress vs. true strain
curve for strain rate jump tested specimen from sample
#5 is given in Figure 9. Strain rate sensitivity is
commonly defined as[63];

m ¼ @ ln r
@ ln _e

� �
e:T

Accordingly, m = 0.026 and m = 0.035 were calcu-
lated at strain rates of 10�3 s�1 and 10�4 s�1, respec-
tively. These strain rate sensitivity values correspond to
a relatively small deformation activation volume (~12
b3). In the relevant literature, the reported values for
strain rate sensitivity of fine-grained Ti are relatively
smaller, as compared to cryomilled and SPS CP-Ti. For
example, Jia et al.[70] report that m ~ 0.009 for UFG CP-
Ti, which was processed via equal channel angular
pressing followed by cold rolling.[70]

The high strain rate sensitivity measured in the
current study is attributable to the presence of grain
boundaries with high dislocation content and to the
presence of considerable amounts interstitial solute
atoms such as O and N. Similarly, a high ductility in
combination with high strength was reported by Xu
et al.[12] for dehydrided Ti with high interstitial content,

Fig. 9—Room-temperature strain rate jump test plot for sample #5
revealing the strain rate dependence of deformation.
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where powders were consolidated into bulk samples via
a back-pressure equal-channel angular pressing tech-
nique. In more detailed studies on the deformation of
hcp Ti, it was shown that the controlling mechanism of
plastic strain in Ti involves thermally activated disloca-
tions overcoming the obstacles created by impurity
atoms.[61,74,82] This is also true for other hcp metals such
as Zr and Hf, in which easy slip occurs along the 1010

� �
prismatic planes in the h1120i direction.[74] Therefore, it
is typically independent of grain size and strain, unlike
other hcp metals in which basal slip is dominant.
Consistent with this suggestion, Okazaki and Conrad
reported an increased strain rate sensitivity with increas-
ing interstitial solute content for hcp Ti.[42,72]

Another factor that is thought to be responsible for
the measured increase in ductility is the presence of grain
boundary sliding. The randomly oriented dislocation
activity (as shown in postmortem TEM micrographs in
Figure 3) at grain boundary regions of cryomilled and
SPS CP-Ti may be a factor facilitating grain boundary
sliding, and also leading to a high m, as illustrated in
previous studies.[81]

IV. CONCLUSIONS

The densification, microstructure evolution, and
mechanical response of SPS bimodal (cryomilled+
as-received) CP-Ti samples were studied on the basis
of starting powder, varied SPS parameters, TEM results,
and measured mechanical properties. The primary
results are summarized as follows:

1. The use of a high applied pressure during SPS was
found to be essential for elimination of consolida-
tion artifacts. Along with applied pressure, a high
SPS temperature, short dwell time, and slow heat-
ing rate were also found to be beneficial for attain-
ing improved mechanical properties.

2. As compared to the available literature on NS and
UFG CP-Ti (i.e., cryomilled +QI forged and severe
plastic deformed), materials in the current study
exhibited lower YS and UTS but enhanced ductil-
ity. The lower strength was attributed to coarser
microstructure and relatively low interstitial content
(as compared to QI forged CP-Ti). The higher duc-
tility was rationalized on the basis of Hart’s crite-
rion (i.e., high strain hardening rate and strain rate
sensitivity).

3. The increased solute atom concentration in cryo-
milled and SPS CP-Ti was reported to have a
strong influence on microstructure evolution and
deformation (i.e., activation volume). The interac-
tion between the solute atoms and the dislocations
were discussed on the basis of measured strain rate
sensitivity and previous reports.
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