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ABSTRACT

In this paper we report on the study of the acoustic emission (AE) produced during room temperature
deformation of polycrystalline, fully dense, bulk samples of the ternary carbide, Ti3SiC2. This material is
a damage tolerant ceramic that deforms plastically by a combination of delamination of individual
grains, shear, and kink band formation. To further evaluate the deformation and fracture mechanisms,
AE was monitored during compression tests. The AE activity is a strong function of strain rate and grain
size. Unlike regular metals, this ceramic does not exhibit a peak of AE activity associated with the point
of non-linearity in the stress-strain curve. An attempt has been made to quantify the AE and correlate it
to the various damage mechanisms occurring during room temperature compression. AE can be used to
continuously monitor the evolution of the damage, and its onset.

INTRODUCTION

Acoustic Emission (AE) is a well-proven technology for studying the mechanisms accompanying
deformation and fracture. The AE produced during deformation of solids is a function of their elastic
moduli, temperature, and microstructural features such as grain size, strength and fracture toughness.
The various damage processes (dislocation motion, crack initiation and propagation, plastic deformation,
etc.) radiate elastic waves that can be detected by piezoelectric transducers. Typically, each of these
mechanisms is accompanied by a different AE signature, and in principle it is possible to differentiate
between them. Furthermore, AE activity can be used as an indication of the onset of failure. The
determination of failure modes by various AE signals and their correlation with mechanical properties is
a base for developing evaluation criteria for damage characterization of ceramic materials.

To date, two limitations have restricted the use of AE to study the fracture of brittle solids in general,
and ceramics in particular. The first is the high AE event rates that sometimes exceed 1000/sec [1]. A
solution to this problem is to use the MISTRAS-2000 system (Physical Acoustics Corp.) that is capable
of performing waveform and signal recording with a maximum event rate exceeding 1200/sec. The
second limitation, which is more difficult to overcome, is related to properties of ceramics being brittle
and damage intolerant by their nature. Recently, however, a new class of materials was discovered, that
are extremely damage tolerant [2-5]. The power of combining AE with this new class of materials is
demonstrated in this work.

For the current study we selected the ternary carbide, Ti3SiC2 recently fabricated and characterized in
fully dense, bulk, single phase samples [2]. This material is rather stiff (Young’s moduli ≈300 GPa
[2,6,7]) but relatively soft (Vickers hardness, ≈4 GPa). At the same time, it is readily machinable by
regular high speed tool steels with no lubrication or cooling required. In addition to the aforementioned
characteristics, Ti3SiC2 is also oxidation [8] and creep resistant [9]. Most relevant to this work is the fact
that Ti3SiC2 deforms by a combination of regular glide kink and shear band formation [10,11]. The
dislocations are overwhelmingly confined to the basal planes [12], are mobile, and multiply at room
temperature [11].
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We have also shown that highly oriented macro-grained samples are ductile at room temperature and
deform by forming macroscopic shear bands that, for the most part, extended across the samples tested.
Because the deformation is constrained to the shear bands, the latter are areas of considerable upheaval,
with delaminations, crack bridges and other evidence of intense deformation clearly obvious in post-
deformation micrographs. The details and sequence of events that lead to the formation of the shear bands
has not been studied in detail. The results presented in this paper, do shed some light on the problem.  To
date polycrystalline samples loaded in compression at room temperature failed in a brittle manner. In our
most recent work, we demonstrated that the mechanical response of Ti3SiC2 is a strong function of strain
rate [13]. The results shown in this paper clearly show that when loaded slowly, even randomly oriented
polycrystalline samples will exhibit some plasticity at room temperature. Finally, it is important to note
that since Ti3SiC2 does not possess 5 independent slip systems, it does not possess a yield point. The
transition is thus one from elastic to in-elastic deformation, which is often not easy to determine from
load deflection curves. The stress at which the transition occurs is henceforth referred to as the inelastic
deformation stress or IDS.  

This paper describes the quantitative results from application of the AE for determination of the role the
microstructure and test parameters play during the deformation and fracture of Ti3SiC2. The goal of this
work is to carry out a detailed study of the acoustic emission accompanying initiation and subsequent
damage evolution in Ti3SiC2 samples during compression. The analysis of AE data allows us to evaluate
the effect of the grain size and strain rate on AE activity and also gain further insight into the
deformation mechanisms of this material.

EXPERIMENTAL PROCEDURE

The material for fabricating Ti3SiC2 samples was prepared using reactive hot isostatic pressing  (HIPing)
[14]. In this work, three microstructures were tested: a fine grained (FG) with average grain size of 5
µm;  a coarse-grained (CG) with average grain size of 100 µm, and a duplex microstructure (DM) which
consisted of very large grains of the order of 500-800 µm plates, about 100 µm thick, embedded in a
matrix of 100 µm grains. All tests were performed on cylindrical specimens  (7 mm diameter and 15mm
length) machined by electro-discharge machining.

Figure 1 shows the set-up of AE monitoring hardware used in this study. The compression tests were
performed on an Instron-type testing machine at room temperature. The nominal strain rate was varied
from 0.00056 to 0.0056 s-1. In a few samples the strain was measured with a specially designed fiber
optic strain gage that attached to the lateral side of the specimen.  The MISTRAS-2000 system (Physical
Acoustics Corporation) used in this work is capable of performing waveform and signal recording with a
peak event rate exceeding 1200/sec. The AE signal was recorded with a broadband PAC S9208 and
resonant PAC R15 transducers mounted on the free side of the specimen under test.

RESULTS AND DISCUSSIONS

Stress-strain curves of two CG samples tested at 0.00056 s-1 are shown in Fig. 2. In both cases, a
deviation from nonlinearity is observed at ~ 200 MPa, which is followed by what can be best described
as a region of distinct hardening, or in-elastic deformation, until failure at ~ 500 MPa. One sample failed
at a strain of 1.2 %, the other at ~ 2 %. In these tests the strain was directly measured using the optical
strain gauge. The reproducibility between the two runs is excellent. The straight line represents the
stiffness calculated based on the measured modulus of 333 GPa [6]. Also plotted in Fig. 2 (lower curve)
is the cumulative AE event rate for Sample # 1. Below 200 MPa, there is very little AE activity. Beyond
the IDS, the AE activity (RMS, hit rates and energy) increases monotonically until fracture.
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Fig. 1. Set-up of the AE monitoring hardware used in this study.

Fig. 2.  Stress – strain curve and cumulative AE events vs strain for CG sample.

In order to evaluate the effect of experimental variables in this work, the AE was measured as a function
of strain rate. Figure 3 shows the AE RMS voltage Vrms plotted as a function of strain rate ( dε/dt )
(cross-head speed) at 95% of the stress to failure.  A least squares fit of the data (dashed line) yields a
slope of  ~ 0.6. The solid line represents (slope 0.5) the normal strain rate dependence Vrms ~ (dε/dt)0.5 .
This normal strain rate relationship implies that the AE source mechanism, associated with moving
dislocations, remains unchanged over the range of strain rates measured [15]. The origin of this behavior
in Ti3SiC2 is not clear yet and more work is required.

The results shown in Fig.4 demonstrate the effect of grain size on AE activity obtained during the
monotonic compression test using a strain rate of 0.00056 s-1. This figure displays the load (top set of
curves), cumulative RMS (middle set of curves) and cumulative hits (bottom set of curves) versus time
for the FG (a), CG (b) and DM (c), samples. As can be seen, cumulative hits and RMS increase with a
grain size increasing.  Note the change of scale of the y-axis when going from the FG to the CG and DM   

SpecimenPreamplifier
40 dB

PC with continuous AE
Monitoring

AE sensor

0.000 0.005 0.010 0.015 0.020
0

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800

AE event rate
for sample #2 sample #2

sample #1

 calculated modulus
 E = 330 GPA

St
re

ss
, M

Pa

Strain , ε

0

20

40

60

80

100

120

140

160

180

200

 
IDS



64

Fig. 3.  RMS voltage vs. strain rate for
CG sample.
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Figure 4. Time history AE results for three various grain size sample: (a), CG (b) and DM (c).

samples. These results clearly show that the AE activity is a strong function of microstructure. This is in
a good agreement with the theoretical approach [16]. Furthermore, as the point at which the cumulative
AE event rate increases dramatically (Fig. 4b, lowest curve) corresponds to a stress of ≈ 250 MPa, it is
comparable to the IDS determined from Fig.2 (≈200MPa), and the former must be associated with the
initiation of damage. This can be used to quickly and accurately measure the IDS in these damage
tolerant ternary compounds; a quantity that has not been easy to determine.

It is important to contrast the behavior of Ti3SiC2 with that of ductile metals and other more brittle
ceramics. In metals, including Ti, the AE activity and RMS are at a maximum at the yield point. Typical
ceramics behave more like the FG response shown in Fig. 4a. The AE activity of   DM samples starts at
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early stages of deformation is almost an order of magnitude higher than that  for FG samples. The AE
behavior of the CG and DM samples is distinctly different (see Fig.4b and Fig.4c). In light of what is
currently known about the deformation modes of Ti3SiC2, i.e. grain delaminations, kink and shear band
formation in individual grains this is not too surprising.

It is reasonable to assume that the AE signature of the aforementioned deformation modes is different
than that due to the simple glide of dislocations along basal planes that must precede them. In the CG
and DM samples, it is also reasonable to assume that the first AE events occur at stresses that are much
lower than those required for the formation of the first macroscopic shear bands. This in turn suggests
that there may be several AE signatures. The analysis of individual waveforms and their spectra support
this notion. Figure 5a and 5b show the AE hits amplitude distributions, waveforms and their spectra for
CG sample at two levels of the applied stress: (a) initial stage I, (≈ 300 MPa, just after IDS); (b) stage II
(at ≈ 450 MPa, near failure stress). The AE signals measured at stage I were typically burst type with a
relatively low energy per event and with dominant low frequency component centered around 150 kHz
(Fig. 5a, lower curve). This AE is most likely due to dislocation motion, array formation and kink band
formation and possibly initial delaminations. At the higher strains (Fig. 5b, lowest plot) the spectrum is
distinctly different; the events are high energy and contain higher frequencies. These are AE signals of
the second type. It is therefore reasonable to associate this AE signal with the formation of the
macroscopic shear bands. The amplitude distribution plots (Figs. 5a,b, top plots) also indicate
differences. The amplitudes in both stages have a peak between 40-50 dB. However, a second peak can
be observed in loading stage II (Fig. 5b, top curve, marked with the arrow) between 60 and 70 dB. This
indicates the presence of at least one other mechanism after the IDS. In order to distinguish AE signals
from the different damage mechanisms, it also possible to apply pattern recognition analysis.

The Physical Acoustics Corporation NOESIS software that was used for this purpose illustrates (Fig. 6)
the evolution of the various AE features during the loading of a DM sample. The onset of the shear band
can be clearly identified, as the signals forming cluster #1 have relatively low mean frequenc ies.

One important result of the performed study is that deformation induced AE is shown to be very
effective and useful for the evaluation of fracture mechanisms in Ti3SiC2. Also, we have proved that AE
frequency spectrum data and pattern recognition analysis could be used to characterize various AE
sources associated to damage evolution of this material. The AE results demonstrate the unique damage
tolerance characteristics of Ti3SiC2; the amount of damage these solids can accumulate before failing is
quite remarkable even at room temperature. Finally, our AE results clearly indicate that both the design
stresses, which probably would have to be less than the IDS, and the amount of damage the material can
withstand before failure, are strong functions of grain size and microstructure.

CONCLUSIONS

In this study acoustic emission was used to evaluate the damage mechanisms occurring during room
temperature compression of Ti3SiC2. The AE generated during compression tests of the Ti3SiC2 samples
has been measured and characterized. Three types of microstructures were investigated, and the
measured AE was found to be dependent on the grain size and strain rate. Analysis of the AE signals
suggests that more than one mechanism was responsible for the signal. Based on this work, AE can be
effectively used to evaluate the fracture mechanisms and damage evolution in this material.  Further
studies on the quantitative correlation between AE and material micro-mechanics are under way and will
be published soon.
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a. b.
Fig. 5. Two types of typical AE amplitude distributions, waveforms, and power spectra in CG sample corresponding to

load stage I (a)  and stage II  (b) ( see text).

Fig. 6. AE time history for DM sample analyzed with pattern recognition technique.


