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This paper reports on an attempt to independently evaluate the validity and applicability of a
new compaction equation recently presented by Gerdemann and Jablonski [Metallurgical and
Materials Transactions A, 42 (2011) 1325–1333] using experimental data. Furthermore, the
rationality of Gerdemann and Jablonski’s interpretation of the equation parameters is exam-
ined. The results are discussed in terms of the comparative evaluation of four different titanium
powders (sponge Ti, CP TiH2, Grade 2 CP Ti, and TiH2-SS316L nanocomposite blend prepared
by high energy milling) cold pressed in die to compaction pressures of up to 1300 MPa.

DOI: 10.1007/s11661-015-2793-8
� The Minerals, Metals & Materials Society and ASM International 2015

I. INTRODUCTION

POWDER compaction equations are essentially
mathematical descriptions of the compaction process.
Paronen and Llkka[1] have compiled a comprehensive list
of the powder compaction equations. Diversity in the
formulationof the equations is clearly visible.Themajority
of the compaction equations attempt to empirically model
the compactibility vs applied pressure profiles.

According to Bockstiegel,[2] the interest in powder
compaction equations was initially motivated by a
practical problem—the need to be able to predict the
compaction pressures required to achieve a certain
density. Today compaction equations find applications
across materials science research themes (from powder
metallurgy, nanostructured powders, pharmaceuticals,
ceramics, soils, to even agricultural biomass materials)
and across compaction routes (including cold, hot, and
dynamic compaction), as reflected in the literature.[1–11]

Managing application approaches or deducing valid
interpretations is some of the practical problem with
complex equations. On the other hand, simplistic
equations tend to yield poor or insufficient information.
It is therefore not surprising that the interest in powder
compaction equations has since shifted more toward an
analytical problem—finding a ‘simple but adequate’
mathematical description for experimentally observed
compaction curves.[2,12]

Recently, a persuasive criterion of an ideal com-
paction equation was put forth as ‘‘one whose pa-
rameters relate in some way to the basic physical and
mechanical properties of the material being compact-
ed’’.[12] Thus, ‘simple but adequate’ equations that only

predict compaction density vs pressures profiles alone
are worthless, especially if they cannot characterize the
multi-stage compaction process and unearth underlying
mechanisms driving densification.
Studies into the cold compaction of titanium and

titanium-based powder materials are necessitated by the
fact that titanium powder metallurgy offers a cost and
energy-consumption reduction benefit—given the high
cost of titanium powder material.[13] In addition, chal-
lenges associated with titanium powder compaction
such as (i) an obvious high reactivity of titanium powder
material in air, (ii) its inherent difficulty to press into
green bodies due to its high hardness and inductile
properties,[14] (iii) problems associated with compact
cold welding to the die wall[14–18] as well as (iv) the high
ejection force required,[14,16,17] for example, further
justify the continued interests in the cold compaction
behavior of titanium powders. However, although many
researchers report on the compressibility behavior of
titanium powders,[4,5,13,14,17,19–21] yet only a relative few
apply the existing or new compaction models to the
analysis of the cold compaction behavior of the pow-
ders.[15,22,23]

Gerdemann and Jablonski in Reference 4 recently
proposed a new densification equation. They validated
their proposed empirical model using eight titanium
powder materials with different powder characteristics
(powder chemistry and particle size and shape). Their
results demonstrate that regardless of powder charac-
teristics, the densification of titanium powders material
can be modeled accurately, with respect to applied
pressure, as the sum of the powder material’s initial bulk
density and the contributions of the powder particle
rearrangement and work hardening (plastic and elastic)
mechanism terms.
The Gerdemann and Jablonski equation, in its pub-

lished form, is shown in Eq. [1] below:

D ¼ D0 þ A 1� e�bP
� �

þ B 1� e�bP
� �

; ½1�

where D0 represents an initial density, parameters A and
B reflect the relative contribution of powder rearrange-
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ment and work hardening mechanisms to densification,
respectively, and according to Gerdemann and Jablon-
ski[4] parameters a and b reflect how much pressure is
required to bring each mechanism to completion. The
maximum density achievable by compaction alone, D¥,
is the sum of D0, A, and B.

It is clearly by typographical error that the parameter,
‘a’, was defined and deduced by curve fitting when it is
not used in Eq. [1].

The foremost focus of this technical paper is to
independently evaluate the validity and applicability of
the recently proposed empirical compaction.[4] Further-
more, the rationality of Gerdemann and Jablonski’s
interpretation of the ‘a and b’ model parameters is
examined. The results of this study are discussed in
terms of the compaction behavior of four different
titanium powder materials investigated.

II. EXPERIMENTAL BACKGROUND

Four different titanium powder materials are investi-
gated in this study; sponge Ti powders, TiH2 powders,
CP Grade 2 Ti powders, and TiH2-SS316L nanocom-
posite powders. The 50 wt pct TiH2 to 50 wt pct
SS316L nanocomposite powder material was prepared
by mechanically milling TiH2 powder supplied by AG
Materials Inc. (particle size 10 to 35 lm) and Type 316L
stainless steel powder material supplied by Höganäs AB
(particle size 20 to 53 lm).

The mechanically milling was conducted using Si-
moloyer CM01-21 instrument (Zoz GmbH) with a
stainless steel vial sealed with a rubber ‘O’ ring and
filled with argon gas to prevent contamination. A 20:1
ball-to-powder mass ratio, a rotation speed of 800 rpm,
and 5-mm stainless steel balls were employed; no process
control agent was used.

The particle size and shape analysis of the four
starting powder materials were done using the Microtrac
Bluewave laser particle analyzer (Microtrac Inc, Blue-
wave, USA) using distilled water as the dispersant. The
morphology of all the starting powder materials was
investigated by scanning electron microscopy (SEM)
using the JEOL JSM-6510 scanning electron microscope
(JEOL, Japan). Furthermore, X-ray diffraction analysis
was carried out to determine the crystallite size of the
milled TiH2 to S316L nanocomposite powder material
on a PANalytical X’Pert PRO powder diffractometer
(PANalytical, Netherlands).

The loose bulk density of each of the starting powder
materials was determined using the graduated cylinder
approach in accordance with the standard test method
for determining loose and tapped bulk densities of
powders (ASTM D7481-09), specifically Method A.[24]

The initial porosity values indicated in Table I below are
intended to give an indication of the relative void space
in each of the studied starting powder material. The
values are averages of five carefully taken measurements
for each material. The initial porosity values were not
measured directly; they were calculated from the bulk
density and particle density using Porosity ¼ 1� Db

Dp
;

where Dp represents the powder particle density, and Db

represents the loose density, see also Reference 25.
Each powder material was uniaxially pressed (double

action compression) at different pressure levels up to
1250 MPa. A reinforced tool-steel split-die with a 13.81-
mm inside diameter was used. Compacted samples with
nominal aspect ratios (height to diameter) between 0.5,
and 0.3 were obtained.
No internal lubrication was used. However, before

each cycle, the die walls and punch surfaces were
sparingly lubricated with zinc stearate spray. All pow-
ders were pressed at room temperature.
The as-pressed samples were weighed with a precision

mass balance. The volume of the compacted samples
was calculated from at least five diameter and height
measurements with a Vernier calliper. From the mass
and calculated volume, the samples’ densities were
deduced. The Archimedes’ method density results were
on average less than 1 pct higher; however, they were
not used because of an inconsistency in the open pore
sizes especially toward lower densities.

III. RESULTS AND DISCUSSION

A. Powder Properties

By observation, the size distributions and morpholo-
gies of the powder material particles are evidently widely
varied. The particle size and shape analysis results are
summarized in Table I. SEM images of the starting
materials used for this study are shown in Figures 1(a)
through (d).
Particle size analysis of the TiH2-SS316L nanocom-

posite blend determined by laser diffraction shows that
powder has a bimodal distribution with sizes between
1.51 lm (D10) and 72.66 lm (D90). The measured
particle size distribution is in agreement with the
observed SEM image presented in Figure 1(d). 24 pct
by volume of the sampled material was determined to be
the smaller particles with a mode radius of as 1.73 lm
while 76 pct by volume was determined to be the larger
particles with a mode radius of as 32.34 lm. However,
the average crystallite size in the nanocomposite blended
composite powders was determined to be 15 nm from
the X-ray diffraction data using the Scherrer equation.
Particle shape analysis as determined by laser diffrac-

tion is also shown in Table I in terms of two different
shape descriptors; average sphericity and average round-
ness. The particle morphology of the Sponge Ti and
TiH2 particles is irregular while that of Grade 2 Ti
powders is spherical. However, the particle shapes in the
TiH2-SS316L nanocomposite powders are mixed with
an average sub-rounded particle roughness and medium
sphericity; the nanocomposite powder does have an
average aspect ratio of 1.54.

B. The Gerdemann–Jablonski Equation

The omission of parameter ‘a’ in the published form
of the Gerdemann–Jablonski equation is clearly a
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typographical error—the corrected form of the pub-
lished equation is shown in Eq. [2] below:

D ¼ D0 þ A 1� e�aP
� �

þ B 1� e�bP
� �

½2�

where the definitions of the terms are retained as in
Eq. [1] above.

To the trained eye, Eq. [2] obviously takes the form of
an exponential association equation. According to
Tsodikov and Record Jr.’s general method of analysis
of kinetic equations for multistep processes,[26] for
example, declares that the number of exponential terms
indicates the number of competing phases or stage-
s—Eq. [2] is therefore a two-phase exponential asso-
ciation. Similarly, Eq. [3] below is a one-phase
exponential association equation.

D ¼ D0 þ A 1� e�aP
� �

½3�

It is our opinion that Eq. [2] incorporates two
dynamic mechanisms of compaction with respect to
applied pressure—powder particle rearrangement me-
chanism, and work hardening mechanisms (the sum of
plastic and elastic particle deformation)—not three as
per Gerdemann and Jablonski’s assignment—we main-
tain that the bulk density is an initial condition and not
a mechanism.
Gerdemann and Jablonski’s interpretation of the A,

B, D0, and D¥ parameters is valid and is consistent with
the general method of analysis of exponential asso-
ciation equations. Their interpretation of the ‘a and b’

Fig. 1—SEM images of (a) sponge Ti powder, (b) TiH2 powder, (c) CP Grade 2 Ti powder, and (d) TiH2-SS316L-blended composite powders
after 8 h of high energy mechanical milling, respectively.

Table I. Powder Characteristics of the Materials Under Examination in this Work

Material Ti Sponge TiH2 CP Grade 2 Ti MA TiH2-SS316L

Supplier Industrial Analytical (Pty) Ltd AG Metals Inc. TLS Technik GmbH & Co. —
Particle characteristics
Mean sphericity 0.844 0.825 0.887 0.845*
Mean roundness 0.683 0.671 0.804 0.633*
Size, D10 (lm) 159.4 11.4 22.8 *
Size, D50 (lm) 250.0 18.7 32.1 *
Size D90 (lm) 668.0 28.6 41.06 *
Morphology spongy angular spherical mixed*

Theoretical density (g/cm3) 4.51 3.76 4.51 5.56
Initial porosity (pct) 82.3 62.3 45.4 62.6

*Symbol indicates a bimodal particle size distribution and character, see also Fig. 1(d).
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exponent parameters as a reflection of how much
pressure is required to bring each mechanism to com-
pletion: we however wish to challenge for at least three
reasons:

i. The interpretation of the exponent parameters ‘a
and b’, as indicated in Reference 4 is dimensionally
incorrect; from Eqs. [1] and [2], ‘a and b’ must be
expressed in terms of MPa�1. Therefore, they can-
not be perceived as ‘pressures’ per se.

ii. In addition, exponential association equations ana-
lysis schemes generally associate the ‘a and b’ pa-
rameters with rate constants and process half-lives
rather than ‘parameters required to bring mechan-
isms to completion’.[26,27]

iii. According to Gerdemann and Jablonski, the typical
a and b parameter values are 21.7 9 103 and
2.99 9 103 MPa, respectively, for ITP CP Ti;
9.51 9 103 and 2.17 9 103 MPa, respectively, for
�45 lm TiH2; and 18.5 9 103 and 1.84 9 103 MPa,
respectively, for Ti-6Al-4V, for example.[4] However,
these values may not be practically ascertainable (as
pressure is required to bring each mechanism to
completion) for two likely reasons. First, according
to findings summarized in Table II, the onset pres-
sures of the parent-phase to daughter-phase transi-
tions in titanium, titanium alloys, and/or other
materials have been consistently observed at pres-
sures as low as 1.8 9 103 MPa at room tem-
perature.[28–32] Such low pressures are easily
attainable via cold compaction. Second, such struc-
tural phase transformations in titanium are general-
ly associated with an inherent volume change
collapse in the order of 2 pct to 14 pct.[30,32,33]

It is noted here, for completeness, that exponential
association equations have widespread applications
mainly in chemical and biological processes, see Refer-
ences 26,27 for further references.

C. Powder Compaction Curves

Figure 2 shows the relative density as a function of
applied pressure for the four powders under investiga-
tion.

There is a notable difference between the compaction
behavior of TiH2-SS316L nanocomposite powders and
other studied powder materials. The TiH2-SS316L
nanocomposite powders generally exhibit lower com-
pressibility within the studied pressure range. The
difference in the densification behaviors is consistent
with a previously noted high yield stress and low plastic
deformation propensity in nanostructured powders
compared to microstructured powders.[11] The highest
densification rate was noticed for the sponge Ti powder
throughout the studied pressure range.
All compaction tests show that the density increases

with increasing pressure; however, the slope of curves
varies remarkably in different pressure ranges. This
behavioral characteristic, for all studied powder mate-
rials, invariably demonstrates that cold compaction
densification is a multi-stage process. In the lower
pressure regime (P < 600 MPa), the TiH2 powder
material shows marginally higher densification, com-
pared to the Sponge and CP Ti materials, which can
tentatively be attributed to the rearrangement of the
fracturing hydride powder particles during compaction.

Table II. The Pressure Values at the Onset of the Phase Transitions for Selected Powder Materials (at Room Temperature
Conditions)

Material Phase Transition* Onset Pressure (9103 MPa) References

CP Ti a fi x 1.8** [28–30]
TiHx d fi e (TiH2) 2.2 [34–36]

b+ d fi x+ g (TiH0.74) 7.5�

TiZr a fi x ~10.0 [33]
Nanostructured Ti a fi x 10.0 [29]
Ti-6Al-4V a fi x 26.2�� [29],[37]
Fe a fi e 11.0 [38]

*a, b, x, d, g, and e represent the HCP alpha-phase, simple BCC beta-phase, hexagonal FCT (distorted BCC) omega-phase, orthorhombic FCC
delta-phase, and the monoclinic FCT (distorted BCC) eta-phase.[35]

**Impurities in generally are known to suppress the a fi x structural transfer.[29][39]
�Significantly depended on the amount of H or stoichiometry.[35]

��Implies the onset pressure depends on the pressure transmission medium.[37]

Fig. 2—The compaction characteristics of (a) sponge Ti powders, (b)
TiH2 powders, (c) Grade 2 Ti powder, and (d) TiH2-SS316L
nanocomposite powders after 8 h of high energy mechanical milling.
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D. Analysis of Compaction Curves

Results of the non-linear squares fitting (Eqs. [2] and
[3]) of the experimental compaction response data, for
the powders under investigation, are shown in Figure 3.

With the exception of CP Grade 2 Ti powder,
nonlinear least squares fitting of a one-phase exponen-
tial association equation to the experimental data gives a
marginally inferior fit, as shown in Figure 3. However,
predicting the compaction density vs pressures profiles
alone without parameters that ‘relate in some way to the
basic physical and mechanical properties of the material
being compacted’ falls short on Denny’s criterion[12] of
an ideal multi-stage compaction equation. Thus, the
underlying mechanisms driving the compaction process
seemingly cannot be described completely in terms of a
one-phase exponential association equation.

True to published claims[4]; the regression analysis
confirms good applicability of the Gerdemann–Jablon-
ski compaction model. It gives a good fit
(R2 > 99.50 pct) to experimental data for all powder
materials regardless of powder characteristics over the
entire pressure range of the experiment.

In this study, the fit parameters in Eq. [2], for all the
titanium powder materials, were determined simultane-
ously by means of non-linear least squares analysis of
the experimental data. Curve fitting was done with the

software OriginPro (OriginLab Corporation). The re-
sults are summarized in Table II below.
The model deduced initial densities of the sponge Ti

and mechanically alloyed Ti nanostructured powder
material are in close agreement to the experimentally
determined values. The model deduced initial densities
of the TiH2 and Grade 2 Ti powder materials are
however not in good agreement. The model determined
maximum achievable density, D¥, are in very close
agreement to the values determined from the experimen-
tal compaction curves.
The fitting is also extrapolated toward the low

pressure range to illustrate the possible interpretation
of the ‘a and b’ model parameters—i.e. the process half-
lives of powder particle rearrangement (ln2/a) and the
particle work hardening mechanism (ln2/b). A kinetic
analysis of the densification mechanisms also reveals
process rate constants as well as the process half-life
values. The analysis yields process half-life values of
54.65 and 277.11 MPa for the rearrangement and work
hardening densification mechanisms, respectively, for Ti
sponge powder. Using the fit parameters tabulated in
Table III and Eq. [2], it is possible to separate the
contributions and kinetics (pressure variations) of the
powder particle rearrangement and the particle work
hardening mechanisms of densification. The sponge Ti
material was used here as an example, as shown in
Figure 4. The fractional contribution of the densifica-
tion mechanisms and initial density to D¥ are also
illustrated therein.
Table IV shows the relative fractional contributions

of the particle rearrangement and work hardening
mechanisms of densification, with respect to the max-
imum achievable density. Consistent with Gerdemann–
Jablonski’s observations, powder materials with mixed
morphologies (sponge Ti and MA TiH2-SS316L) had
the relatively lowest contribution from the rearrange-
ment term and the Grade 2 Ti powders with a spherical
morphology have a more significant contribution from
the rearrangement mechanism.

IV. SUMMARY AND CONCLUSIONS

The validity and applicability of the Gerdemann and
Jablonski’s proposed compaction were experimentallyFig. 3—The relative density vs applied pressure data (shown also in

Fig. 2) fitted with the Gerdemann–Jablonski model (Eq. [2]).

Table III. Fit Parameters to Eqs. [2] and [3] for the Powder Materials Under Investigation

D0 (pct) A B D¥ ln2/a (MPa) ln2/b (MPa) Adj. R2 (pct)

Equation [3]
Ti sponge 0.257307 0.686841 0.944148 85.16 99.50
TiH2 0.40014 0.55156 0.9517 101.06 99.12
CP grade 2 Ti 0.399078 0.567005 0.966083 129.15 99.46
MA TiH2-SS316L 0.488258 0.224604 0.712861 145.03 99.13

Equation [2]
Ti sponge 0.1329 0.2912 0.53844 0.9626 54.65 277.11 99.98
TiH2 0.1291 0.4270 0.4210 0.9771 70.17 333.54 99.94
CP grade 2 Ti 0.1077 0.5514 0.3660 1.0240 112.37 605.89 99.51
MA TiH2-SS316L 0.4545 0.1171 0.1623 0.7339 122.02 602.35 99.81
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evaluated. Results from the enquiry conducted are
summarized as following:

i. The Gerdemann–Jablonski compaction equation
takes the form of a two-phase exponential asso-
ciation equation. It incorporates two dynamic me-
chanisms of compaction—particle rearrangement
and work hardening mechanisms (the sum of plastic
and elastic particle deformation)—not three mechan-
isms as per Gerdemann and Jablonski’s interpreta-
tion—the bulk density is an initial condition and
not a mechanism.

ii. Analysis for all powder materials studied over the
entire pressure range tested confirms that densifica-
tion cannot be described completely in terms of a
single densification mechanism. The Gerdemann–
Jablonski compaction equation shows better appli-
cability with higher correlation coefficients com-
pared to the one-phase exponential association
equation. However, when a single mechanism domi-
nates densification, the one-phase exponential asso-
ciation equation also exhibits high correlation
coefficient.

iii. The application of Gerdemann–Jablonski com-
paction equation permits the deconvolution of rela-
tive contributions and kinetics (variations with
respect to pressure) of the densification mechan-
isms.

iv. Our analysis confirms the validity of Gerdemann
and Jablonski’s interpretation of A, B, D0, and D¥
model parameters. However, Gerdemann and
Jablonski’s interpretation of the ‘a and b’ model
exponent parameters is challenged; an alternative
interpretation is proposed based on the general
analysis of two-phase exponential association equa-
tion—i.e. (ln2/a) and (ln2/b) quantify the process
half-lives of the powder particle rearrangement and
the particle work hardening mechanisms, respec-
tively.
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