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Three similar varieties of pure Ti hydride-dehydried (HDH) powders were tested for the understanding of
the variables that have an influence on the compaction process of Ti powders. The study shows that small
differences in the characteristics of the powders lead to very different behaviours in the compaction stage.
Compressibility curves, friction with the die walls and ejection forces are discussed in this study. The results
are compared with a commercial iron powder as a reference to complete the discussion, as well as to show
the enhancements and modifications that should be performed in Ti powders to design an optimized powder

suitable for being pressed in an industrial process.
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1. INTRODUCTION

The excellent combination of specific strength and corro-
sion resistance of titanium and titanium alloys [1,2] encour-
ages the development of low cost processes to obtain Ti
parts. Moreover, some studies [3] predict the decrease of the
prices of Ti due to new production techniques for obtaining
Ti from its ores. Among these new techniques, the Arm-
strong process [4] is ready for production, and other incom-
ing developments based on electrolytic methods could be
even more efficient in obtaining Ti at low cost. Among the
electrolytic methods, the FFC development [5] seems to be
the most promising to obtain Ti powder by the direct reduc-
tion of TiO,. Other works [6,7] have studied the benefits that
Ti would provide in the reduction of emissions in vehicles.
This conjunction of factors encourages industry to develop
the powder metallurgy technology for Ti.

Powder metallurgy has provided a low-cost route for man-
ufacturing iron-based parts and the related processes are now
optimized since they have been studied for a long time. On
the other hand, Ti is emerging as a good candidate for being
processed by conventional powder metallurgy techniques,
but improvements should be done to reach the optimization
of the processes. Ti powder industry has been restricted to
high-added value applications where the cost of the materi-
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als and processes are not fully optimized for large scale
productions. The traditional and potential applications
include military, sports, aerospace, medical and automo-
tive [8,9]. Biomedical applications are promising to con-
tinue the development of Ti technology, including PM
processing [10-13].

Few papers have studied the compaction of Ti powders
[14-18]. This work is focused on the different aspects related
to the uniaxial pressing of Ti powder in comparison with the
well-known behaviour of commercial iron powder. As it will
be shown in this study, the significant difference between
titanium and iron is reflected in their relative pressing perfor-
mances.

Regarding the type of Ti powder used for this study, the
Hydried-dehydried powder (Ti HDH) has been selected due
to the higher purity than sponge powder, and irregular shape
compared to atomised powder, providing better characteris-
tics for powder metallurgy processing. Ti HDH is a common
variety of Ti powder which is produced by the comminution
of Ti solids which have been previously embrittled. In a first
stage, Ti solids are heated into a furnace in a hydrogen atmo-
sphere. Then, the solids loose their natural ductility by
hydrogen embrittlement, leading to hydrided Ti. In a second
stage, hydrided Ti solids are easily comminuted to the desire
powder size. In a final stage, hydrided Ti powder must be
dehydried to recover its original ductility and properties.
This is achieved by heating Ti powder into a vacuum fur-
nace, where degassing of the material occurs.
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2. EXPERIMENTAL PROCEDURE

All experiments were carried out using hydride-dehydride
(HDH) titanium powders and water-atomized iron powder,
compacted with admixed lubricant or with die-wall lubri-
cant. Table 1 describes the type of powders tested, their supplier,
and the lubrication mode used in each case. In particular, two
batches of the similar powder (Ti, HDH process, < 75 pum)
sold under the same tradename were evaluated (Batch 1 and
Batch 2).

Apparent density was measured using the standards MPIF
4 and MPIF 28 [19,20]. Particle size distributions of the dif-
ferent powders were measured with a laser diffraction parti-
cle size analyzer (Beckman Coulter LS 13 320, USA).
Chemical analyses were carried out on LECO analyzers,
LECO TCH-600 for oxygen, nitrogen and hydrogen, and
LECO CS-200 for carbon and sulphur. Specific surface of
the powders was measured by the BET technique, using a
Monosorb Surface Area equipment, from Quantachrome
Corporation (USA), model MS-13.

Micro-hardness of the different powders was also evalu-
ated in a Vickers micro-hardness tester, model HVS-1000
(TIME Technology Europe). Ten HV, o measurements were
carried out for each type of powder, at a load of 0.098N. The
same range of particle size was selected to better compare
the powders, and avoid size-effects in the measurements.

The behaviour of the different powders during compaction
and ejection was evaluated using an instrumented laboratory
press, the Powder Testing Centre (PTC) [21]. This apparatus
consists of an instrumented cylindrical die operating in a sin-
gle action mode. This press allows continuous recording of
the applied pressure and the pressure transmitted to the sta-
tionary punch during the compaction and ejection processes.
Assuming a rigid behaviour of the die, this press allows the
quantification of the three key properties or factors affecting
the green density, namely the friction at die walls, the pow-
der intrinsic compressibility and the expansion at ejection, as
described in the next section [22].

For all experiments, cylindrical specimens of 7 mm in
height were compacted at 500 MPa at room temperature in a
WC-Co die of 9.525 mm in diameter, and at a pressing rate
of 1 mm/s. At least seven samples were tested for each con-
dition, and the two first tests were used to condition the die

Table 1. Powders

walls and were not considered for the calculations. Results
presented in this study show good reproducibility and corre-
spond to average values obtained from at least five specimens.

As described in Table 1, die wall lubrication was used to
minimize contamination of titanium. A thin layer of zinc
stearate was applied on the die walls using a semi-automated
device adapted to the PTC, based on the same principles of
the patented electrostatic system for industrial presses
[23,24]. In this system, lubricant particles are tribostatically
charged when they are carried by a flow of air through a
small Teflon tube, and are injected in the die cavity in such a
way to minimize turbulence. Excess of lubricant is evacu-
ated through exhaust vents located on the die cover plate. On
the other hand, iron powders were compacted either with
admixed lubricant or using die wall lubrication.

2.1. Analysis of the compaction process

The PTC enables to analyze the compaction process in a
rigid die as a function of two fundamental parameters: the
slide coefficient m, which measures the friction between
powder particles and die walls, and the intrinsic compress-
ibility, which measures the reaction of a powder to an out-
side pressure.

The intrinsic compressibility can be expressed by the rela-
tion between the average in-die density and the average pres-
sure seen by the compact. Considering that the density varies
linearly along the compaction axis as shown by several
researchers [25,26], it can be stated that the density at mid-
height is equal to the average density. Therefore, the average
pressure or net pressure, Pxgr can be evaluated at mid-height
of the compact with equation 1 for a cylindrical compact:

(2%) 1/2

Pygr=Pa*n = (Pa*Pt) (1
where Pa is the pressure applied to the compacting punch, Pt
the pressure transmitted to the stationary punch, n the sliding
coefficient, H the height of the compact, and D the diameter
of the compact.

It should be emphasized that the intrinsic compressibility
is only dependant on the intrinsic mechanical behavior of the
powder during compaction. On the other hand, the com-
pressibility, which is defined as the pressure required to
reach a given density or the density obtained for a given

and lubrication used

Powder Supplier Mode of Lubrication Lubricant
Ti— Batch 1 GfE * Die-Wall Zinc Stearate
Titanium Powders Ti— Batch 2 GfE* Die-Wall Zinc Stearate
Ti— Batch 3 GfE* Die-Wall Zinc Stearate
Iron Powders ASC100.29 Hogands** Die-Wall Zinc Stearate
ASC100.29 Hogands** Admixed 0.7% EBS***

*GfE Metalle und Materialien Gmbh, Germany
**Hogands, Sweden
***EBS: ethylene bisstearamide (ACRAWAX C from Lonza)
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pressure, is influenced not only by the powder intrinsic com-
pressibility but also by the friction at die walls and by the
expansion at ejection. In particular, the compact size or
aspect ratio strongly affects the amount of friction at the die
walls and therefore the compressibility, while the intrinsic
compressibility is, on the contrary, independent of the com-
pact aspect ratio.

The compaction process can also be described by the
determination of a slide coefficient 1, which gives an evalu-
ation of the level of friction between powder particles and
die walls. The slide coefficient 1 characterizes the efficiency
of transferring the compaction force throughout the part and
the densification uniformity. The slide coefficient is given by
equation 2,

n- (;’f;ﬁ)[%g] @

where Pa is the pressure applied to the compacting punch, Pt
the pressure transmitted to the stationary punch, F the cross-
section area, S the cross-section perimeter and H the height.
The factor 4F/SH represents the compact aspect ratio or
compact geometry factor. For a cylindrical compact, the fac-
tor 4F/SH is equal to D/H where D is the diameter of the
compact. 1 can vary between 0 and 1, O representing an infi-
nite friction and 1 no friction. Thus, the higher the n, the
lower the friction loss and the better the lubrication and den-
sification uniformity. For a given in-die density, the value of
the slide coefficient proved to be a good parameter to com-
pare the lubrication behavior of similar steel powder mixes
containing different types of lubricants [22,27,28]. However,
the value of slide coefficient is far from being constant
through the pressing process. The variation of the slide coef-
ficient results, in fact, from the complex evolution of the fric-
tion coefficient and the angle of pressure transmission or
radial to axial stress ratio. However, at high pressures, the
relative movement of particles becomes negligible and the

3
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Fig. 1. Typical ejection curve and ejection characteristics measured.

slide coefficient varies mainly as a function of the friction
coefficient at die walls. The evolution of the coefficient of
friction and the stress ratio during compaction is discussed
elsewhere [29].

A complete ejection curve, as recorded by the PTC, is
shown in Figure 1. The stripping pressure corresponds to the
maximum ejection force, developed at the start the ejection
process divided by the friction surface area. The ejection unit
energy is defined, by the PTC developer, as the energy
required to move the compact from the 0.01 mm to the 2.55
mm punch position (area under the curve within this inter-
val) divided by the friction area of the test compact and by
the travel distance (2.54 mm). The unit is N*m/m’/m or J/m’.

3. RESULTS AND DISCUSSION

3.1. Particle size and morphology

Images of the iron and titanium powders used in this study
are shown in Fig. 2. The first difference that can be noticed
between Fe and Ti powders is their particle morphology.
Iron ASC100.29 has an irregular morphology, typical of
powder particles produced by water atomization. Among the
three Ti powders, Batch 2 and Batch 3 particles seem to be
more irregular in shape, while Batch 1 seems to be more
angular. The angular morphology of Ti powders derives
from the HDH process, in which titanium is hydrogenated in
order to make it brittle, which provides these fragile fracture
surfaces to the powder particles after milling. Then this pow-
der is dehydrogenated to be converted back to metal Ti and
the particles retain their angular morphology from the former
hydrogenated particles. The HDH process is a relatively
low-cost way to produce Ti powders with low oxygen and
low chlorine contents [30], which is essential to obtain the
highest mechanical properties of Ti.

Figure 3 shows the volume weighed particle size distribu-

Fig. 2. SEM images of the different powders. (a) Ti-Batch 1, (b) Ti—
Batch 2, (¢)Ti-Batch 3, (d) Fe ASC100.29.
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Fig. 3. Particle size distributions (left), and cumulative distributions (right) for the four powders tested.

Table 2. Particle size characteristic parameters of the different

powders
Mean size Dio Dso Dy
[pm] [nm] [nm] [nm]
Ti - Batch 1 54 24 51 88
Ti - Batch 2 48 21 47 77
Ti — Batch 3 119 80 115 166
Fe ASC100.29 97 38 38 169

tions (left) as well as the cumulative volume particle size dis-
tributions (right) for all the powders tested. Batch 1 has a
slightly higher mean size and slightly wider distribution size
than Batch 2, and Batch 3 have approximately the same dis-
tribution shape, but displaced. Fe ASC100.29 shows a differ-
ent distribution shape, clearly wider than all the others. The
characteristic parameters extracted from the particle size dis-
tributions are summarized in Table 2.

3.2. Composition and hardness

In relation with the purity of the powders, it is known that
little content of interstitial elements (oxygen, carbon, nitro-
gen and hydrogen) contributes to dramatically change the
mechanical properties of titanium. These interstitials increase
the elastic modulus, the yield strength and reduce the ductil-
ity of titanium [31]. Nitrogen has generally the most signifi-
cant effect followed by oxygen and carbon [32,33]. While
nitrogen and carbon are usually not found at high concentra-
tions in dense titanium, oxygen is a common contaminant

due to the high affinity of titanium for oxygen and the high
solubility of oxygen in titanium. The total content of intersti-
tial, especially oxygen, is normally higher in the powder par-
ticles with the lower particle size due to their higher specific
surface. The analyses of these impurities have been deter-
mined for the four powders and are summarized in Table 3.

Okq (%at) = O + 1.96*N + 0.52*C 3)31]

Ti - Batch 1 and Batch 2 have very similar oxygen content,
but their nitrogen is significantly different, what is consistent
with the microhardness values. Indeed, the nitrogen content
of Batch 2 is about 10X higher than Batch 1 and the HV; of
Batch 2 is about 30 % higher than Batch 1. Conrad et al. [31]
proposed an equivalent oxygen equation to estimate the Vick-
ers hardness. In the equation 3, the effect of the nitrogen con-
tent is 1.96X that of oxygen and the carbon content is 0.52X
of oxygen. Table 3 gives the Og, as calculated with the actual
composition of the powders. However, as showed in works
regarding mechanical properties of Ti foams [34], for high
specific surface materials, it is important to discriminate the
amount of oxygen coming from solid solution from that of
the surface oxide layer. As powder particles have a high spe-
cific area, the main part of oxygen is located as an oxide layer
at the surface of the particles, so this oxygen does not harden
the inside of the particles. Then, instead of total oxygen, only
the contribution of oxygen in solid solution (inside the vol-
ume of the particles) should be considered as a contributor to
the mechanical properties of the titanium powder.

Table 3. Hardness and Chemical analyses of O, N, C and H for the four powders tested

Hardness Specific at.% Og," at.% Osoig”
HVoor surfave mig VO wt% N ppmH o wi% € (We.%) (WL%)
Ti—Batch 1 127 £24 0.09 0.319£0.003 0.008 £0.001 57+£2 0.009+0.001 1.020(0.343)  0.543(0.182)
Ti— Batch 2 167 £32 0.1 0.343 £0.002 0.098 +£0.004 106+2 0.013+0.002 1.693(0.572)  1.146(0.385)
Ti— Batch 3 159 £20 0.05 0.250 £0.006 0.069+£0.004 74+2 0.013£0.001 1.228(0.414)  0.955(0.321)
Fe ASC100.29 10316 0.02 0.083 £0.005 0.003£0.001 4£+2 0.006+0.001 - -

(WTotal equivalent oxygen content (at.%) - see equation 3.
@Equivalent oxygen calculated with interstitial in solid solution in the powder particles.
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Fig. 4. Correlation between specific surface and %O and %N.

To separate solid solution contribution from surface contri-
bution, total oxygen can be represented as in equation 4.

OTOTAL = OSolution + CSurface A (4)

The OroraLrepresents the %owt. O in all the powder, measured
directly by LECO equipments. Osouion i the %owt. O in solid
solution contained in the volume of the particles. Csyface TEP-
resents 100 times the surface oxygen content (g/m’) of the
particles. Finally, A is the specific surface of the powder par-
ticles, measured in m’/g. With this model, specific surface
can be correlated with O and N contents, as shown in Fig. 4.

From the graph, it is shown that O content correlates with
specific surface, while N content do not correlate. As shown
in Fig. 4, the quality of the fit and the parameters in the
regression model lead to the following conclusions:

1. The three Ti batches have a similar Osouion COntent,
which is 0.158 %, as this is the part of Ororar that does not
depend on surface. This makes sense in the context that the
powders were produced by the same producer, most likely
by the same process and that the finer powders are sieved
from a larger particle size distribution.

2. The three Ti batches have a similar oxidation condition,
with a surface oxygen concentration of 0.01814g/m2 which
corresponds to a layer 4.3 nm of TiO,-Anatase. This is in the
range of the natural oxide layer thicknesses reported in the
literature [34,35].

With this new estimation of oxygen in solution, the equiv-
alent oxygen can be recalculated in all the powders with
Conrad Equation (see Table 3). Now, the equivalent oxygen
is represented as Osoeq, as it only considers interstitials in
solid solution.

With correlations shown in Fig. 5, while the total O con-
tent does not correlate with hardness, it is clear that hardness
has a good correlation with Os,irg, derived from the good
correlation from N, and from the contribution of O in solid

230 7 HV = 456.8N + 124.35

, R?=0.9329 HV = 202.4-Osoleq+ 91.091|

2
) R’ =0.9849
190 / /
170 / : / /
X A
HV = 153.99-OFq + 82.782
150 / / R’ =0.7273
130 T {
/‘/ ¥ Correlation O
110 m Correlation N

90 4 Correlation Ogq
+ Correlation Osolgg

70 T T T T T T T 1
0 01 02 03 04 05 06 07 08
Y%wt
Fig. 5. Correlations of Hardness with N, Ogq and OSolg.
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Fig. 6. Relatives green densities of Fe and Ti powders compacted at
500 MPa.

solution. This correlation is better than the one observed
between hardness and Ogq derived from the total O content.

3.3. Compressibility of titanium and iron powders

The compressibility of the different powders was evalu-
ated on the instrumented press. Results are presented in Fig. 6.
For a compacting pressure of 500 MPa iron powders are, as
expected, significantly more compressible than titanium
powders, respectively ~88 % vs. 72-76 % of the theoretical
density. The same tendency is observed both for the green
density (or out-die density) and the in-die density (under 500
MPa loading). In addition, the compressibility of both the
iron powders compacted either with admixed lubricant
(Fe+EBS) or with die wall lubricant (Fe+DWL) is quite the
same. Regarding the compressibility of titanium, there were
differences in compressibility between the two batches of the
same type of powder (75.9 % vs. 72.3 % respectively for
Batch 1 and Batch 2). Batch 3 had a compressibility that lies
between both batches.

The complete compressibility curves can be used to better
understand the compressibility behaviour of each powder
(see Fig. 7). As an example, while iron powders have similar
compressibility at 500 MPa, iron powder with admixed
lubricant have higher compressibility at lower pressures than



50 P. G. Esteban et al.

75
— 6.5
@ 4
g 1-— Ti-Batch 1
S 55 - 2- - Ti-Batch2
- 3-—Ti-Batch3
= L
@ 45 4- — Fe+EBS
g 5-— Fe+DWL
k-]
@ 35 - 1

3

z 3
= 251

15 ‘ - ; ‘ .

0 100 200 300 400 500 600

Applied Pressure (MPa)

Fig. 7. Compressibility curves of Fe and Ti powders.

iron powder compacted with die wall lubrication. This result
has already been well described by Ward and Billington
[36]: the admixed lubricant improves the compressibility by
enabling a better rearrangement of particles and by decreas-
ing friction between patrticles.

The three titanium powders tested show different com-
pressibility curves that also vary with the compacting pres-
sure (see Fig. 8). For pressures higher than 200 MPa, it is
clear that Batch 1 has a significantly higher compressibility
than Batch 2, while Batch 3 presents an intermediate com-
pressibility.

At the very beginning of compaction, however, Batch 1
yields lower densification as compared to Batch 2 and Batch
3 (see Fig. 8(b)), where Batch 1 presents the lowest apparent
density values and, therefore, this powder has the lowest ini-
tial packing in-die density (1.8 g/em’ vs. 1.9 g/em’ for the
other titanium powders). This behaviour follows the meas-
ure of apparent density presented in Fig. 9. The three tita-
nium powders showed significant difference in terms of

4.0
& 35 4
£
L
o
= 3.0 -
k7]
3
2 25
Q@
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Fig. 9. Apparent density of Ti powders measured with a Carney flow-
meter.

flowability: Batch 1 did not flow freely on Hall flowmeter
[19], while Batch 2 and Batch 3 flowed on Hall funnel. The
Batch 1 powder did neither flow freely in a Carney flowme-
ter [20]. These differences in flowability seems to be related
to the angular particle morphology of Batch 1, different from
the irregular morphology of Batch 2 and 3. In order to
achieve the apparent density measurement, the flow in the
Carney flowmeter, was helped with the aid of a pin. Despite
the fact that the supplier categorised both powders Batch 1
and Batch 2 as the same product, these powders are signifi-
cantly different on flowability and chemistry standpoints.

3.4. Study of compacting behaviour

To better understand the compacting behaviour of these
titanium powders, the quantification of the key properties or
factors affecting the densification, namely the friction at die
walls and the powder intrinsic compressibility was attempted.
Table 4 and Fig. 10(a) show the applied pressures recorded
on the instrumented press as well as the calculated net pres-
sures and slide coefficients observed at a given specific in-

25
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2.1 4
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1- — Ti-Batch 1
2- — Ti-Batch2
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0 20 40 60 80 100
Applied Pressure (MPa)

(b)

Fig. 8. (a) Compressibility curves of the three titanium powders and (b) details of the initial stage of the compressibility curves.



Study of Compaction and Ejection of Hydrided-Dehydrided Titanium Powder 51

Table 4. Compacting behaviour of the powders tested at a given in-die density

In-die Density (g/cm’) Papplied (MPa) Pnet (MPa) Slide Coefficient
Ti - Batchl 3.25 405 +7 324 +4 0.56 £ 0.04
Ti powders Ti - Batch2 3.25 500+ 5 413+2 0.62 +0.02
Ti - Batch 3 3.25 448 +£13 354+3 0.55+0.04
Fe Powders Fe+EBS 6.8 483 +1 423+ 1 0.690 + 0.003
Fe+DWL 6.8 492 +3 459+5 0.85+0.02
550 0.90 550 ‘ 0.90
g - 2 T Baloh Tt 085 T s {# Fe+EBS ||| Fe+DWL B
= Ti- Batch 2 =
& 450 na 7 Ti-Bateh 3|1 080 B 450 0.80 o
= @ - @
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(a) (b)

Fig. 10. Applied and net pressures and slide coefficient at a given in-die density of 3.25g/cm’ for (a) Ti powders, and 6.8g/cm’ for (b) Fe powders.

die density of 3.25 g/cm’ (~72 % of theoretical density) for
the three titanium powders tested. These density values were
chosen in order to compare the powders at a common value
near the maximum density reached at 500 MPa in all the
powders. In the case of Fe powders, the selected density was
6.8 g/em’ (~87 % of the theoretical density), value being close
to the maximum density reached in Fe powders at 500 MPa.
The results for Fe powders are shown in Table 4 and Fig.
10(b).

Regarding iron powders, the compressibility of both pow-
ders is quite similar, as the applied pressure required to reach
6.8 g/em’ is close for the two lubrication conditions tested
(Papplied ~492 MPa and 483 MPa, i.e. 2 % difference).
However, their behaviour during compaction is in fact quite
different. Indeed, the iron powders compacted with die-wall
lubricant have a significantly lower intrinsic compressibility.
Pnet is an 8 % higher in die-wall lubricated powder, meaning
that a higher isostatic pressure would be necessary to reach
the final density. However, less friction is observed at die walls
(slide coefficient of 0.85, i.e. 19 % higher), which compen-
sates the lower intrinsic compressibility, and results in simi-
lar compressibility for the two powders.

Regarding titanium powders, the lower compressibility of
Batch 2 and Batch 3 is confirmed. Indeed, these two pow-
ders respectively require an applied pressure of 95 MPa and
43 MPa higher than Batch 1 to reach a density of 3.25 g/cm’,
which represents an increase of 23 % and 11 % vs. the pres-
sure applied for Batch 1. The same trend is observed for the
intrinsic compressibility with a higher net pressure of respec-
tively 89 MPa and 30 MPa for Batch 2 and Batch 3 as com-

pared to Batch 1. On the other hand, a higher slide
coefficient was obtained for Batch 2 (0.62 vs. 0.56 and 0.55)
indicating slightly less friction on die walls with this powder
as compared to Batch 1 and Batch 3. This proves that the
lower compressibility of Batch 2 could be essentially explained
by its significant lower intrinsic compressibility as compared
to Batch 1. The higher hardness of Batch 2 as compared to
Batch 1, while affecting the compressibility, should explain
the slightly lower friction at die walls. In conclusion, even
though slight difference in friction was observed between the
titanium powders, these results show that in the processing
conditions tested, their intrinsic compressibility is the key fac-
tor that affects the compressibility of the titanium powders.
Regarding now specifically the friction behaviour of tita-
nium powders, it is noteworthy that for similar lubrication
mode (die wall lubrication) the range of their slide coeffi-
cient values (0.55-0.62) is significantly lower than for iron
powders (0.85) (Table 4 and Fig. 11). This indicates the higher
difficulty to compact titanium powders due to higher friction
at die walls. At this level of slide coefficient, the level of fric-
tion remains however acceptable to enable shaping parts
with adequate surface finish. Other studies [16] reported, for
similar titanium powders, extremely low slide coefficient, as
low as 0.3, that could cause galling and damages to the die-
walls. The standard deviation of slide coefficient observed in
this study remains however quite important, in particular for
Batch 1 and Batch 3 (see Table 4 and Fig. 10). This could be
attributed to the high sensitivity of titanium powders to any
slight variation of amount of lubricant applied on the die
walls. On the other hand, standard deviation of the intrinsic



52 P. G. Esteban et al.

1.0
0.9 -
% e FRADWL
&0l —"
L
b
o 07 T —————— Fe+EBS
o
v Ti - Batch 2
Z 06 oy
w ——————— Ti-Batch1
05 A Ti - Batch 3
0.4 . ‘ T T

200 300 400 500 600 700
Applied Pressure (MPa)

Fig. 11. Curves of Slide Coefficient for the powders tested.

compressibility is quite low whatever the powder tested,
which confirms that the Pnet is independent of variation of
friction at die walls as mentioned before.

3.5. Ejection performance

The ejection performance of the different iron and tita-
nium powders was evaluated from the measurement of the
ejection forces during all the ejection cycle. Complete ejec-
tion curves are shown in Fig. 12 and the stripping pressures
and the unit ejection energies are given in Table 5. The strip-
ping pressure, which corresponds to the peak ejection force
at the beginning of ejection, is characterized by the static
friction coefficient, while the dynamic friction coefficient
influences the energy of ejection along the displacement of
the compact in the die on its way to the exit.

Looking at the stripping pressures, similar trend was
observed as for the slide coefficient during compaction. The
lower stripping pressure (5.8 MPa) was obtained with the
die-wall lubricated Fe powder, followed by the Fe powder
with internal lubrication (15.9 MPa).

All Ti powders had a similar stripping pressure value
around 20 MPa with a slightly higher value for Batch 1 (~10

30
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Table 5. Ejection characteristics of the different Fe and Ti powders

compacted at 500 MPa
Stripping Pressure Unit Ejection Ener,
Powder pp[l\/%Pa] J[MJ/m3] ®
Ti—Batch 1 229+2.8 16.2+24
Ti — Batch 2 189+ 1.1 112+1.2
Ti — Batch 3 20.6+1.7 9.9+0.9
Fe + EBS 15.9+0.1 10.6 £0.2
Fe + DWL 58+1.2 44+0.7

% higher). These significantly higher values of ejection pres-
sures of Ti, as compared to Fe powders have also been
reported by Hovanski et al. [14]. As for the slide coefficient,
the standard deviation of the stripping pressures of all pow-
ders compacted with die wall lubrication is quite important,
and in particular for Batch 1 and Batch 3 (see Table 5).
Again, this could be attributed to the high sensitivity of tita-
nium powders to any slight variation of amount of lubricant
applied on the die walls.

Looking specifically to parts compacted with die wall
lubrication, it is clear that Ti powders lead to significantly
higher ejection energies than Fe powders, with ejection ener-
gies twice higher for Batch 2 and Batch 3 (respectively 9.9
MPa and 11.2 MPa), and four times higher for Batch 1 (16.2
MPa) as compared to 4.4 MPa for Fe powders.

3.6. Interpretation of titanium powders compressibility
results

In summary, the compressibility results of the titanium
powders used in this study led to the following observations:
(a) compressibility is inversely proportional to the Vickers
hardness, (b) compressibility is mainly correlated to the intrin-
sic compressibility, (¢) compressibility is not correlated to
the sliding coefficient and (d) compressibility is not corre-
lated to the apparent density or flowability.

The difference in intrinsic compressibility among the three
Ti HDH powders arrive from the strengthening of the pow-
ders with the solid solution of interstitials dominated by the
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Fig. 12. Ejection curves of the different Ti and Fe powders compacted at 500 MPa.
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Table 6. Compressibility data for various Ti powders [17,18]

Reference Powder Condition Equivalent oxygen content (%wt) Mean Particle Size (um) Relative Green Density (%)
Ti-Batch 1 0.34 54 75%
This study Ti-Batch 2 500 MPa 0.57 48 72%
Ti-Batch 3 0.41 119 73%
Laptev, 2005 Ti HDH 500 MPa 0.50 50 73%
. Ti HDH (TC150) 0.16 97 85%
Takamiya, 2004 4 oy (teasgy 000 MPa 0.27 2 83%

nitrogen content effect. This is seen with the increase of
Vickers hardness which is directly correlated to the increase
of the yield strength. Indeed, Batch 1 powder, despite the
fact that it has the lowest apparent density, reaches the high-
est in-die and out-die densities due to its lower equivalent
oxygen (or hardness). Conversely, Batch 2 powder, despite
the fact that it has the highest slide coefficient and higher
apparent density, reaches the lowest densities due to its high
equivalent oxygen. Data from other authors [17,18] has been
used to validate this hypothesis. Table 6 shows the correla-
tion between the equivalent oxygen and the compressibility.
One should notice that the correction for the surface contri-
bution on the equivalent oxygen has not been applied since
the specific surfaces were not available in other authors
work. For a compacting pressure of 500 MPa, the relative
density is inversely proportional to the equivalent oxygen
powder of the Ti HDH powders. These results show also that
the equivalent oxygen content of the Ti powders has a
stronger effect on the compressibility than the particle size.
This effect is also seen in stainless steels P/M where the
interstitials content (mainly nitrogen and carbon) of the pow-
der affects the hardness, the yield strength and the work-
hardening of these materials and, therefore, their compressi-
bility [37].

The results of this study also suggest a strong interaction
between the titanium compact and the die wall. Indeed, the
sliding coefficients are much lower than the values
obtained for iron powders for both internal or die wall
lubrications. In addition, the stripping pressures and the
unit ejection energies of titanium powders are much higher
than the iron powders. These results are in accordance with
prior art indicating the difficulty in shaping titanium sheets
or powders leading to excessive die wear and galling.
Recently, Hovanski [9] attributed these phenomena to
higher values of die wall friction coefficient of Ti powders
vs. Fe powders. The breakage of the titanium oxide layer
during compaction and the creation of fresh metallic tita-
nium surfaces more prone to react with the die surfaces
should be one explanation to this high friction at die walls.
This phenomenon could explain the results obtained on the
different Ti powders evaluated in this study. The highest
die wall friction was observed for the Batch1 powders hav-
ing the lowest hardness, the lowest Ogq and then the lowest

yield strength. This powder should lead therefore to higher
level of plastic deformation during compaction and then to
higher fresh metallic contacts increasing more friction at
die walls than the other Ti powders. The use of both
admixed and die wall lubrication should help in both
improving the rearrangement of particles and therefore the
intrinsic compressibility, and reducing the friction at die
walls. The choice of both the internal and external lubri-
cants needs however to be developed and adapted specifi-
cally to the characteristics of the titanium properties.

4. CONCLUSIONS

Three different Ti HDH powders were pressed at 500 MPa
and the results were compared with a commercial Fe powder
(ASC100.29). The latter was tested in two conditions: with
internal lubricant and with die-wall lubricant. After the tests,
the following conclusions are stated:

1. The three Ti HDH powders pressed presented signifi-
cantly lower compressibility than Fe atomized powders.
This could be attributed both to their lower intrinsic com-
pressibility as well as to their lower slide coefficient, i.e. the
significantly higher loss of pressure during compaction due
to friction at die walls. The pressures and energies required
to eject the samples were also significantly higher for the Ti
pressed samples than for the Fe samples compacted with the
same die wall lubrication method.

2. The compressibility of the three Ti HDH powders was
found to be significantly different even though two of them
were supplied as equivalent powders by the manufacturer.
This could be attributed to differences in their equivalent
oxygen content that caused strengthening of the powders.
For instance, the Ti powders having the lowest equivalent
oxygen had the best intrinsic compressibility, but also the
lowest sliding coefficient, indicating higher friction at die
walls.

3. The selection of the Ti powder having a low level of
interstitials in solid solution, and therefore a low equivalent
oxygen content seems to be the key factor to reach high
green densities at low compacting pressure. Because higher
friction at die walls is observed with low equivalent oxygen
content, specific attention should be paid to the lubrication.
The use of both admixed and die wall lubrication should
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help in reducing the friction at die walls. The choice of both
the internal and external lubricants needs however to be
developed and adapted specifically to the characteristics of
the titanium properties. In particular, clean lubricants should
be used to prevent contamination of the materials by the
decomposition residues that will affect its mechanical prop-
erties.
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