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A deformation mechanism map represents the densification behaviour of a green powder

body. A map is created by evaluating the rate-equations for five types of densification

mechanisms: yield, boundary diffusion, volume diffusion, power-law creep, and

Nabarro—Herring creep. These rates are summed where appropriate and integrated to give

the density at a given pressure, temperature and time; this can then be plotted on a map.

Such maps have been created for hot-pressed Bi-2223, using the HIP 6.0 computer software.

Four temperature—density deformation maps were created at different pressing pressures

and for two types of powder: a solid-state reacted powder and a pyrolysed organic precursor

powder. The resulting maps are compared and discussed in relation to a set of experimental

results.
1. Introduction
The low critical current in bulk superconductors, es-
pecially in strong magnetic fields, is the main limita-
tion to be overcome before they can be utilized in
major applications such as superconducting magnetic
shielding and current leads. The two major causes of
the low J

#
behaviour in bulk polycrystalline Bi-2223

superconductors are weak links at the grain bound-
aries [1], and flux line movements within the grains
arising from severe flux creep [2].

Across most high-angle grain boundaries, the flow
of transport current is severely limited, especially in
the presence of a magnetic field. Grain-boundary
weak links are not clearly understood; however, dis-
turbed crystal structure, chemical deviation, the pres-
ence of secondary non-superconducting phases, the
presence of microcracks and anisotropy of the elec-
tronic properties at high-angle boundaries of the crys-
tals, can all contribute to low values of critical current
of the intergrain region, and thus of the ceramic as
a whole. It is well known that high density and a high
degree of grain alignment improve the weak links
between grains [3].

Hot pressing has been used to increase the density
of bulk Bi-2223 samples [4], and also to increase the
texture by increasing grain alignment [5, 6], both of
which increase critical current values. Hot pressing
increases density by increasing the stresses present at

the particle contacts, adding plastic yielding and

0022—2461 ( 1997 Chapman & Hall
power-law creep to the pressureless diffusional densifi-
cation mechanisms.

The modelling of densification and the development
of rate equations for the different mechanisms has
been described in the literature [7]. The modelling of
densification and the mechanisms by which different
powders undergo densification at different temper-
atures, pressures and for different periods of time can
provide information to simplify the optimization of
the many hot-pressing process variables. This in-
formation may be presented in the form of a deforma-
tion mechanism map [8]. A deformation mechanism
map is a graphical representation of the rate equations
for the diffusional densification mechanisms, such as
boundary diffusion and volume diffusion, together
with the rate equations for power-law creep and
Nabarro—Herring creep and the equation for yield.
The contributions to the densification rate from each
of the mechanisms is evaluated and, as they are inde-
pendent, the rates are summed to give the total densifi-
cation rate. This is then integrated to get the density at
a given pressure, temperature, and time. The density
can then be plotted against either pressure or temper-
ature, often with time contours. Such a map has been
used to predict the densification of YBa

2
Cu

3
O

7~z
[9].

To enable deformation maps to be constructed accu-
rately and efficiently, the HIP 6.0 program has
been written [10] to aid in the construction of the

maps.
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The densification of a green powder body is related
to the time, temperature, and pressure of consolida-
tion. Of paramount importance are the material prop-
erties of the powder, these describe the mechanical and
transport characteristics and the geometry of the pow-
der. The largest uncertainty in the accuracy of a defor-
mation map lies with the material properties entered
into the equations. Where possible a temperature coef-
ficient is used to correct properties, such as modulus,
for the temperature of densification. The first step in
the construction of a map is to collate the required
data which are used to compute a map. These are then
refined using data from experimental observations.

2. Experimental procedure
A density—pressure deformation mechanism map was
constructed at room temperature to model the cold
pressing of solid-state powder. Density—temperature
deformation mechanism maps were constructed using
the HIP 6.0 software for three different fixed pressures;
7, 11 and 15 MPa.

A summary of the required material data used in
conjunction with the HIP 6.0 program, and an ex-
planation as to the origin of the values, are given
below. The solid density has been found, by hot press-
ing samples to 100% density, to be approximately
6550.00 kg m~3 [11]. The melting point of all solids in
the powders used was found from DTA analysis to be
approximately 1233 K (960 °C). Young’s modulus at
room temperature has been reported at 64 GPa, using
an ultrasonic pulse transmission technique [12].

Yield stress of single Bi-2223 grains at room temper-
ature was calculated using the results of the deforma-
tion map constructed at room temperature which
modelled the cold uniaxial pressing of solid-state pow-
der. The relative density after yield, *

:*%-$
, is described

in Equation 1

*
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Plastic yielding is instantaneous and therefore time is
not present in Equation 1. *

:*%-$
is the starting density

for the time-dependent mechanisms, r
:

is the yield
strength of the particles (MPa). A correct fit to the
data on the map was made when the single adjustable
parameter, yield strength, was equal to 700 MPa. This
value agrees well with literature values [13]. From the
material data, the temperature dependence of yield
was estimated by the HIP 6.0 software to equal
approximately 0.50 [10].

From experimental observation reported in the
literature, the power-law creep exponent has been
calculated at 3.80 [14]. The reference stress for power-
law creep is a characterization of creep, and is the
stress (MPa) required to cause a steady tensile creep
rate of 10~6 s~1 at a temperature of one-half the
absolute melting temperature. This value was cal-
culated by the HIP 6.0 program from the temperature,
tensile stress, and observed strain rate in a conven-
tional creep test, and gave a value of approximately

7 TPa [10]. The activation energies for power-law
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creep have been given as 520$50 kJmol~1 for Bi-
2201, 630$210 kJmol~1 for Bi-2212, and
960$210 kJmol~1 for Bi-2223 [14]. As this property
has large error bars, it was used to tune the deforma-
tion map; the final value used was 660 kJmol~1.

Owing to the layered nature of these compounds,
diffusion parallel to the c-axis is a difficult process and
there is a large anisotropy between the diffusion coef-
ficient parallel to c, D

c
, and the diffusion coefficient for

the ab plane, D
ab

[15]. Because D
ab

is far greater than
D

c
, the diffusion coefficient for polycrystalline mater-

ial, D
10-:

, approximately equals D
ab

. As the structure
of the ab planes for the three bismuth compounds is
the same, the diffusion in the ab plane of all three
superconductors will be the same. Therefore, D

10-:
will

be the same for all three superconductors. Bi-2223 has
five different atomic components contributing to the
chemical formula, all with different atomic radii and
valance, and different diffusion rates, different activa-
tion energies, and different diffusion anisotropy is, i.e.
D

ab
/D

c
, although in all cases D

ab
<D

c
. The most rel-

evant diffusion coefficient is that for the slowest-diffus-
ing atom, it being the rate-limiting mechanism in
diffusion processes.

At the surface of a phase, an atom moving from one
site to another is not constrained by having to squeeze
between surrounding atoms on all sides. Therefore,
atomic mobility is greater on the surface and takes
place with a lower activation energy. Likewise the
less-dense packing of atoms at a grain boundary or
dislocation leads to greater atomic mobility than in
the crystal lattice and a lower activation energy than
that for volume diffusion. Therefore, diffusion coeffi-
cients are required for each of these mechanisms. The
volume diffusion coefficient, D

7
, refers to any diffusion

process within the bulk or volume of the crystal. The
surface diffusion coefficient, D

4
, measures diffusion

along a surface. The boundary diffusion coefficient,
D

"
, measures diffusion along an interface or bound-

ary, including grain boundaries and dislocations.
A general rule for diffusion in crystalline oxides ap-
plies, that activation energy for surface diffusion
is approximately half that of volume diffusion, and
the activation energy for boundary and dislocation
diffusion lies between volume diffusion and surface
diffusion [16].

Experiments have been reported on the bismuth
compounds [17, 18], the combined results of which
suggest that strontium is the slowest-diffusing atomic
species. There was no systematic variation of D

7
of

strontium with the number of Cu—O layers in the
bismuth compounds, i.e. between Bi-2201, Bi-2212
and Bi-2223. The pre-exponential for volume diffusion
was calculated as 6]1013 m2 s~1 from an activation
energy for volume diffusion of 580 kJ mol~1, and vol-
ume diffusion coefficient for Bi-2223 at 800 °C in oxy-
gen of 3.8]10~12 cm2 s~1 [17]. No boundary diffu-
sion or surface diffusion data have been published for
Bi-2223 or any other HTS, so the general rule de-
scribed above was applied. These values were also
adjusted when the deformation maps were tuned, giv-
ing an activation energy for boundary diffusion of

435 kJmol~1, a pre-exponential for boundary diffu-



TABLE I Density of shading indicating the extent of grain growth

sion of 0.60 m3 s~1, an activation energy for surface
diffusion of 290 kJ mol~1, and a pre-exponential for
surface diffusion of 6]1010 m3 s~1.

The weighted atom-volume for a compound is the
volume transported when one atom of the slower-
diffusing species moves; as strontium has been found
to be the slowest-diffusing species for the bismuth
series of superconductors, the atom volume is half the
molecular volume of Bi-2223, thus is equal to
5.40]10~28 m3 atom~1.

The resulting maps are divided into fields by heavy
solid lines. These fields show the range of dominance
for a given mechanism. The abbreviations used for the
mechanisms are: YIELD is yield, V-DIFF1 and
VDIFF2 are volume diffusion stage 1 and stage 2,
respectively, B-DIFF1 is boundary diffusion stage 1,
PL-CRP1 and PL-CRP2 are power law creep stage
1 and stage 2, respectively. When a deformation mech-
anism map has a field where a time-dependent mecha-
nism is dominant, the map will then have time con-
tours in the form of a series of lines. The far right-hand
line is the lowest time line in the series, usually 1 h, and
the time increases by a factor of two as the series
moves to the left, i.e. 1, 2, 4, and 8 h lines.

The style of shading indicates whether grain growth
occurs by the migrating grain boundaries dragging
pores along (pore dragging), or pulling away from the
pores (pore separation). The grain-growth factor is the
factor by which the final grain size is larger than the
original particle size. The density of shading indicates
the extent of grain growth, according to the scheme
shown in Table I.

A selection of experimental data was collected to
tune the deformation maps and compare differences
between powder preparation methods and powder
compositions. Two powder preparation methods were
used in the hot-pressing experiments. This gave two
different powder particle sizes and different grain sizes
within the particles. The range of particle size was
measured by the maximum commonly occurring
radius divided by the mean radius and is known as the
ratio of radii. The powders formed via a solid-state
reaction, denoted as S1, S2 and S3, starting from
oxides and carbonates [19], gave a particle radius of
8 lm with a grain diameter of 2 lm within the particle.
The ratio of radii was equal to 2. The powder formed
via an organic precursor, denoted P1, using the pyro-

lysis technique [20], gave a particle radius of 4 lm
TABLE II The four powders used for the experimental data set

Powder Preparation Composition
method

S1 Solid state Bi
1.84

(Pb)
0.34

Sr
1.91

Ca
2.03

Cu
3.06

S2 Solid state Bi
1.8

(Pb)
0.35

Sr
1.9

Ca
2.1

Cu
3

S3 Solid state Bi
1.8

(Pb)
0.35

Sr
2.1

Ca
1.9

Cu
3

P1 Pyrolysis Bi
1.8

(Pb)
0.35

Sr
1.9

Ca
2.1

Cu
3

TABLE III Experiments used for data in the deformation mecha-
nism maps

Powder Pressure
(MPa)

Temperature
(°C)

Time
(h)

Relative
density

S1 7.0 790 2 0.920
7.0 800 2 0·930
7.0 810 2 0.950
7.0 820 2 0.970
7.0 830 2 1.000
7.0 810 1 0.940
7.0 810 2 0.950
7.0 810 3 0.960
7.0 810 4 0.960
7.0 810 6 0.970

P1 7.0 790 2 0.925
11.0 800 2 0.975

S2 15 780 2 0.890
15 800 2 0.945
15 820 2 0.988

S3 15 780 2 0.830
15 800 2 0.900
15 820 2 0.950

with a grain diameter of 0.5 lm within the particle.
The ratio of radii was equal to 3. The mean particle
size was determined by means of a Sedigraph using
ethanol as a solvent.

The morphology of the powder was investigated by
scanning electron microscopy (Leica Cambridge Ltd);
the powder was suspended in ethanol and sprayed on
the sample holder. The melting point of the powder
was determined by differential thermal analysis (Poly-
mer Science, UK). Table II shows the four different
powder compositions used and the preparation
method.

Powder produced by the solid-state method was
pressed at 100, 200, 300 and 400 MPa in a steel die at
room temperature. The density of the green powder
bodies were measured and this provided the data for
the density—pressure deformation mechanism map.
Table III shows the series of data used in the deforma-
tion maps. The powders for hot-pressed samples were
uniaxially cold pressed into pellets at 14.7 MPa. The
initial relative density of the green body was 0.65, and
the initial pore pressure was taken as 0.10 MPa. These
pellets were then hot pressed in an alumina die using
an Instron press. The alumina die and plunger were
sputtered with silver to minimize reaction with the
superconductor. The heating rate used was
10 °C min~1 and the sintering atmosphere was air.
The density measurements were performed using the

Archimedes’ method.
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3. Results and discussion
The deformation mechanism map in Fig. 1 is a den-
sity—pressure map. When a powder is cold uniaxially
pressed, initial densification occurs via particle re-
arrangement and fracture; as the density increases, the
plastic yielding mechanism contributes to densifica-
tion. The map clearly shows the pressure required to
cold press the powder to a given density.

As plastic yielding is time independent, the map has
no time contours. The correct fit to the cold-pressed
data on the map was made when the single adjustable
parameter, yield strength, was equal to 700 MPa.
However, the yield strength calculated via microhard-
ness measurements for the sintered ceramic body
formed from the solid-state powder was 300 MPa
[21]; the yield strength of a polycrystalline body is
heavily dependent on microstructure. The appropriate
yield strength entered as the material property for the
construction of the deformation mechanism map is
higher, because the yield strength required is that of
the grains of the powder, not the final ceramic body.
The equation for yield, shown earlier, is independent
of particle size, so the map is appropriate for all
particle sizes. The map in Fig. 2 is a density—temper-
ature deformation map, with a set pressure of 7 MPa,
for the solid-state powder S1. The S1 data set can be
broken into two parts; increasing temperature with
constant time, and increasing time with constant tem-
perature. The increasing temperature with constant
time data, 790—830 °C in 10 °C steps at 2 h, shows
good correlation to the second theoretical time con-
tour in Fig. 2, and this is the 2 h contour. The increas-
ing time, 1, 2, 3, 4 and 6 h, at 810 °C set of data, follows
the increasing theoretical time contours, 1, 2, 4 and
8 h, fairly closely. The dominant deformation mecha-
nism at 7 MPa is volume diffusion.

The pyrolysis powder P1 was used for the data in
Fig. 3. The particle size, grain size and ratio of radii
have been changed whilst keeping other experimental
and material properties constant. As particle size and
grain size are reduced, boundary diffusion plays an
increasingly dominant role in the early stages of den-
sification. The smaller grains have moved the time
contours to a lower temperature by approximately
10 °C.

The pattern of grain growth has also changed with
the powder morphology. Initial grain growth occur-
red with pore dragging for both the solid-state powder
and the pyrolysis powder. However, unlike the solid-
state powder, at the final stages of densification the
pyrolysis powder undergoes grain growth with grain-
boundary separation, rather than pore dragging. Any
inclusions dragged along the grain boundary during
grain growth, such as pores, increase in size and their
mobility decreases. The increase in the ratio of radii
and the decrease in grain size of the pyrolysis powder,
increases the driving force for grain growth, enabling
the grain boundaries to separate from the less-mobile
pores.

Using the same powder, P1, the pressure is in-
creased to 11 MPa in Fig. 4. The power-law creep
mechanism field grows; although it is not the domi-

nant densification mechanism, it does contribute to
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Figure 1 Density—pressure deformation mechanism map for the
cold uniaxial pressing of solid-state powder at 25 °C. a"0.008 mm,
*
0
"0.63, p

*
"0.01 MPa.

Figure 2 Density—temperature deformation mechanism map for
powder S1 at 7 MPa. (j) Increasing ¹ with constant time, (m)
increasing time with constant ¹. a"0.008 mm, *

0
"0.65,

p
*
"0.10 MPa.

Figure 3 Density—temperature deformation mechanism map for
powder P1 at 7 MPa. a"0.004 mm, *

0
"0.65, p

*
"0.10 MPa.

the densification and to the texturing of the sample.
The data and theoretical time contours continue to
correlate well. As expected, an increase in the pressure
has enabled the time contours to move to a slightly

lower temperature compared to those in Fig. 3. In



Figure 4 Density—temperature deformation mechanism map for
powder P1 at 11 MPa. a"0.004 mm, *

0
"0.65, p

*
"0.01 MPa.

Figure 5 Density—temperature deformation mechanism map for
powders (m) S2 and (*) S3 at 15 MPa. a"0.008 mm, *

0
"0.65,

p
*
"0.10 MPa.

combination with a 10 °C rise in sintering temper-
ature, the sample density has risen from 0.925 to 0.975
relative density.

The deformation map in Fig. 5 shows the solid-state
powders S2 and S3 at 15 MPa. The S2 powder has
a strontium to calcium ratio of 1.9 :2.1, whilst the S3
powder has a strontium to calcium ratio of 2.1 : 1.9, i.e.
strontium rich. Although the samples have been
treated at the same temperature and pressure for the
same period of time, the strontium-rich samples are,
on average, 5% less dense than the respective S2
samples.

This is due to the well-known sluggishness of reac-
tion kinetics in samples with strontium-rich composi-
tions [22, 23], and is caused by the refractoriness of
SrO and the high decomposition temperature of
SrCO

3
. This map has the correct material parameters

for the S2 powder, and therefore the S2 data points lie
on the correct time contour, 2 h. Again an increase in
the pressure has enabled the time contours to move to
a slightly lower temperature compared to those in
Fig. 2.

4. Conclusion
Deformation mechanism maps have been created for

hot-pressed Bi-2223 using the HIP 6.0 computer soft-
ware. The cold uniaxial pressing of Bi-2223 powder
produced via solid-state reaction was modelled using
a pressure—density deformation mechanism map with
the temperature set to 25 °C. The correct fit of the
cold-pressed data to the map gave a yield strength for
the powder grains of 700 MPa. Four temper-
ature—density deformation maps were created for 7, 11
and 15 MPa using two types of powder: solid-state
reacted and pyrolysed organic precursor produced via
pyrolysis. An increase in pressure and temperature
increased the density for a given pressing time, as did
the reduction in grain and particle size between the
two different types of powder. The different powder
morphologies also affected the theoretical grain
growth characteristics shown on the maps. The accu-
racy of a deformation-mechanism map is limited by
the data and equations used to create it. However, the
data showed good correlation to the theoretical time
contours on the maps and they provide very useful
information with which to plan experiments and ana-
lyse results.
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