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Fig. 1. SEM observations &fO, granules (600 MP&,60-500 ¢m) at various
magnbcations.
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Fig. 2. Diagram of the compression system with force sensors and acoustic
emission sensors.

Fig. 3. Diagram of the acoustic emission record system.

the radial force applied by the powder on the die. These three
forces are used to calculate the friction demént between the
granules and the die and the ability of the granules to convert
an axial force into a radial force. The average stress viewed by
the compact is equal to the geometric mean of the applied stress
and the transmitted stress [9]. Knowing the strengths, the posi-
tion of the upper punch at any time and the compliance of the
press, we can calculate the variation in height of the compact as
a function of stress.

Furthermore, the die is equipd with two piezoelectric sen-
sors (in red in Fig. 2). They record the acoustic emission (AE)
during compaction using a dee developed by the Mistras
Company (Fig. 3). AE sensors have a frequency bandwidth be-
tween 100 kHz and 1 MHz. To enhance the signal transmis-
sion between the die and the sensor, theykxed to the die
by means of a spring which ensures a constant holding force.
Silicon grease is used as a couplant. Before each test series, we
test the quality of the sensor mounting by recording the acoustic
emission produced by a pencil lead break as described in the

is mobile, which allows ejectio of the compact. Compactionnorm “NF EN 1330-9".

is carried out at a speed of 0.1 mm/s for the movement of theFig. 4 shows a typical burst signal of acoustic emission and
upper punch until reaching the de=i applied stress. This pres-some associated parameters. $traight forward parameter is
sure is then maintained for 15 seconds before being reducttt number of hits, i.e. the number of pulses which exceed the
During the ejection, a pressure approximately ten times lowdetection threshold. It is not possible to associate the number of
than the maximum applied steis maintained on the compact.hits to a particular phenomenon because of the diversity of emis-
That controls the release of stored elastic energy during cosien origins in the compact (friction, fragmentation), and pos-
paction, which avoids cracking delamination of the compact sible spurious noise (backgroundise, electromagnetic radia-
[71, [8]. Force sensors (in blue in Fig. 2) are arranged directtjon, mechanical vibrations related to the machine). An acoustic
on the punches and in the die.dyhrecord the force applied onemission caused by a given mechanism will however lead to a
the upper punch, the force transmitted to the lower punch atygical burst signal shape.
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a stress of 5 MPa, there are cracked granules and large porosity
between the granules. Fragments of cracked granules will facil-
itate the rearrangement of granules. It seems that some granules
are very fragmented while others are almost unfragmented.

When the stress increases from 5 MPa to a value between
100 and 300 MPa, fragmentation increases. Between 300 and
600 MPa, the size of the granules does not however vary greatly.
The difference in granular appearance on the picture of com-
pacts formed at 5, 20 and 60 MPa and those formed at 100, 300
and 600 MPa is due to sample preparation. The former compacts
are embedded in resin under vacuum and then polished, while
the latter are thermally consolidated before lggholished.

Even after an applied stress of 600 MPa, there are still some

Fig. 4. Burst signal parameters. spaces between the granules which arebfled. These spaces
are not due to granule wrenching duringeparation of the
sample, but to pores existing in the compact. It can be con-
cluded that some granules mag bubjected to high isostatic
loads and low shear stress. They d flagment and as a result,
the porosity between the granules is not completely reduced.

Quantbcation of granule size by image analysis is under-
going. A brst data analysisrabled us to calculate the porosity
between the granules. For low applied stresses, it can be as-
sumed that the granules themselves do not densify. We can
then evaluate the poritg between the granules by calculating
the density of the compact and the density of the granules
(6.45 glent).

As expected, posity decreases as the stress increases (Fig. 7).
The error bars are related to theagrtainty in the measurement
technique. For a stress of 400 MPa, the density of the compact

Fig. 5. Evolution of the applied stress and the difference between the appljgd equal to tlt of the granules. The granules sigrantly

stress and the transmitted stress as a function of the density. densify on themselves at a stress of 400 MPa. Therefore,
the assumption made to calculate the porosity between the
granuks is no longer valid. It is the reason why the calculated

lll. RESULTS porosity between the granules of compacts at 600 MPa is
negative. It remains true that the porosity rate thus calculated
A. Evolution of Porosity During Compaction is comparable to that determined from the image analysis.

For stresses below a hundred MPa, which should not lead

Knowing the mass of granules introduced into the die, it |3 signbcant dengication of the granules on themselves,

possible to monitor continuously the density of the compact gf, shserved differences may come from a too low sampling
UO; granules as a function of apptiestress. The density aﬂermeasurement by image analysis.

plling the die is3.0 g/cm?®, which correspo_nsito acompactness Analysis by mercury intrusioporosimetry [10] of compacts

of 47% of the stack of granules. The applied stress (Fig. 5) varigg|q reveal the size of the pores. However, if this method is

betyveen 0 and 1 MPa (the interval cqrrgspondlng to ”::133 M&&ed to identify the stress from which the volume of pores be-

suring accuracy of foorce) as the density is less thang/c tween the granules becomes negligible, it cannot monitor/detect
(compactness of 60%). granule fragmentation. Only observations of the microstructure

We can r_10te that the stress iy in_cre_ases b_eyond a.bOUtof compacts show that granule fragmentation occurs for stresses
40 MPa which corresponds to a density in the di&.Gfg/cnt’. below 300 MPa.

Beyond 40 MPa, the difference between the applied and
transmlttgd st_resses alsq becomes .mt' Th_e dens_lty B. Acoustic Emission During Granule Compaction
monotonically increases with stress. It is not possible to discern
from this curve change in theompaction mechanism. After Acoustic emission is used in many processes as a passive
ejection, the density of the compact compressed at 600 Mteahnique to monitoraal-time processes which emit acoustic
is 6.80 g/cn?; the rebound occurring during ejection is of thavaves. This technique is partieuly used to detect and/or mon-
order of 8%. Moreover, wend that this density is greater thanitor cracks in materials. For exaie, Kerboul [11] followed the
the measured density for the powder compacted at the safmenation of cracks which sometimes occurs during the ejection
stress §.45 glcn?). of actinide powder compacts. In our case, the objective is to de-
Observation of a ceramographic section of compacts péect in situ fragmentation of granules to infer the evolution of the
formed at different applied stsses allows us to visualize themicrostructure. Before studyy the acoustic emission during
evolution of the microstructure (Fig. 6). After the application ofompaction of a bed of granules, we crushed a single granule.
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Fig. 6. Ceramographic section§compacts of granules performed at: (a) 5 MPa, (b) 20 MPa, (c) 60 MPa, (d) 100 MPa, (e) 300 MPa, (f) 600 MPa.

of the upper punch i800 xm/min and the lower punch xed.

The load curve is represented in Fig. 8. The folrest gradu-
ally increases and thenalptly decreases. The granule then has
a crack. The maximum force whids the breaking strength is
1.5 N+ 0.7 N (dispersion obtained for a 15 granule batch). The
displacement to achie the breaking strength is approximately
80 micrometers. It corresponds to the formatioRaf surfaces

on the granule in contact with the punches and deformation of
the granule.

We simultaneously record acoustic emission with an AE
sensorbxed near the lower punch. During the increase in
stress, no aasstic emission exceeds the threshold which was
bPxed at 25 dB. Upon breakage, a single event characterized by
the acoustic burst signal shovim Fig. 9(a) is detected. This

Fig. 7. Evolution of the porosity calculated by weighing and geometric megvaveformis the typical signal of ther&cture, regardless of the
surements and the porosity measured by image analysis, as a function °f§U‘?face on which the punch is touching. It has a shape similar to

applied stress.

a graphite pencil lead break [Fig. 9(b)]: a fast rise time followed
by an &ponential decay. Both emés have a burst duration

1) Crushing of a Single Granule®ne granule is crushed be-of the order of 2 ms. The difference in amplitude is certainly
tween two punches with a diameter of 3 mm (Fig. 8). The spedde to the material and the energy required for breaking. The
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Fig. 8. Illustration of a single crushed U0 granule and associated load curve.

Fig.9. Burstemitted upon rupture of (a) a single granule: 56 dB and (b) a pencil
lead break: 98 dB.

shape of the burst recorded during the rupture of the granule is
a typical characteristic of fragmentation.

A batch of 12 granules is thermally consolidated at 1200°C
under hydrogen atmosphere. At this temperature, UO, starts
sintering. Some solid links are then formed, which increases
the mechanical strength of the granules. We also crushed those
consolidated granules one by one. Table I displays data of both
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TABLE |
MECHANICAL STRENGTH AND ACOUSTIC EMISSION
RESULTS OF TWO BATCHES OF GRANULES

*Standard Deviation

batches: consolidated and non-consolidated granules. Because
of signibcant dispersion, Weibull statistics [12] are used to de-
termine a mean value of breaking load, burst amplitude and
burst duration.

As expected, consolidated granules have a higher breaking
load than non-consolidated granules, even considering the stan-
dard deviation. The rupture stress cannot be accurately calcu-
lated because of the cracking surface which is difbcult to deter-
mine. A signal burst is recorded for all granules at the rupture.
For non-consolidated granules, most of the cracks are clearly
dePned and cross over the granule, which leads to its separation
into two parts. For consolidated granules, half of the ruptures
occur in the same way as the non-consolidated granules. How-
ever, two-thirds of the crushing produces a brst crack which
seems to stop and then other cracks develop. The reason for
this way of cracking must be investigated more thoroughly with
granules consolidated at different temperatures and then at dif-
ferent steps of sintering.

Acoustic emission values (Table 1) show a trend of increase
in burst amplitude and burst duration for consolidated granules.
High standard deviations reveal that this trend must be con-
Prmed by carrying out additional tests.

2) Compaction of a Bed of Granulesthe press chamber
Plled by the granules presented in Section I1I-A is 25 mm in
height (Plling density equal to 3.3 g/cm?). A high bed of gran-
ules causes a density gradient between the upper part of the com-
pact and the lower part during compaction. The difference be-
tween applied stress and transmitted stress, as shown in Fig. 5,
clearly reveals this phenomenon. It was explained by Janssen
using the example of a grain silo Plling [13]. In order to mini-
mize this effect, we must decrease the height of the bed of gran-
ules and therefore the number of granules. We choose a larger
die with a diameter of 25 mm. That leads to minimizing friction
between granules and the die wall.

We record the acoustic emission during compaction of gran-
ules presented in Section I1-A. As mentioned for the compaction
of alumina powders [14], pharmaceutical powders [2] or sand
[15], the number of counts increases with the density, i.e., with
the stress (Fig. 10).

The cumulative number of counts increases exponentially
up to a stress of about 45 MPa. Increasing acoustic emission
activity means that fragmentation of the granules and inter-
granular friction occur. Above 45 MPa, the increase is more
pronounced until it reaches a small plateau at 70 MPa. A
plateau indicates that no physical mechanism occurs and/or the
piezoelectric sensor does not record acoustic waves produced
by the potential physical phenomena. When the stress exceeds
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Fig. 10. Cumulative number of hits and applied stress, as a function of the
compact density.
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Fig. 11. Maximum amplitude of burst signals and applied stress, as a function
of the compact density.

95 MPa, the number of counts again increases drastically. Each
blue point plotted in Fig. 11 corresponds to the amplitude of a
burst signal, recorded at a given density of the compact. The
detection threshold was bxed at 30 dB.

It has been noticed that burst signals of high amplitude appear
as soon as a density of 3.4 g/cm® (53%) is reached. Beyond
6.1 glem® (95%) burst amplitude is mainly less than 40 dB.
Between 3.4 g/cm? and 6.1 g/cm?®, more than 80% of the burst
signals, with an amplitude greater than 35 dB, have a shape
identical to that recorded for the rupture of a single granule. Fig.
12(a) is a typical burst of this population. They are characteristic
of the granule fragmentation.

On the other hand, bursts observed at a stress greater than
60 MPa, which corresponds to a density equal to 6.1 g/cm?® [Fig.
12(b)], have a very different waveform compared to those char-
acteristic of fragmentation. The mechanism underlying these
burst signals has yet to be identibed.

We check that the recorded signals are generated by the gran-
ules and are not emitted by mechanical or electromagnetic phe-
nomena. Indeed, the compression system is located in a lab-
oratory in which other devices can interfere with the acoustic
emission record system. On one hand we record acoustic emis-
sion during an empty test which consists in a compression of
the upper punch against the lower one up to 150 MPa. Fig. 13
shows that there is a far higher number of events during granule
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Fig. 12. Typical bursts emitted: (a) below 6.1 g/lcm®-60 MPa, (b) beyond
6.1 g/cm*-60 MPa.

Fig. 13. Cumulative number of events/bursts during the compaction of a bed
of granules with three different chamber heights: 6.0 mm, 4.5 mm, 2.0 mm, and
during an empty test.

compaction than during the empty test. That means that a sig-
nibcant number of bursts are emitted by granules themselves.
Mechanisms responsible for those signals may be: fragmenta-
tion of granules, friction between granules and friction between
granules and the die wall (however minimized by lubrication).

On the other hand, we compact granules with different bed
heights in the die with a diameter of 25 mm. Fig. 13 shows that
the number of AE signals increases with the height of the bed,
i.e. the number of granules in the die. In fact, the highest bed of
granules (6.0 mm) has the highest number of granules.

Fig. 14 presents the evolution between the number of granules
in the press chamber and the total number of recorded bursts.
Knowing the density of a single granule and the total mass of the
material in the press chamber, we calculate the number of gran-
ules by assuming that the granules are spherical and their av-
erage diameter is 330 pm. Since the number of signals increases






