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Abstract

The process of metal dusting of low alloy steel subjected to an equal mixture of CO and H2

gas at elevated temperatures has been monitored on-line with the aid of acoustic emission (AE).
To a test tube a programmable temperature gradient was applied. Two AE sensors allowed
continuous monitoring of AE activities as function of time and position/temperature. At regular
intervals the tube was opened and examined for the presence of dusty powder. Two clearly
distinctive metal dusting activities were identified: oxide dusting in the range of 380 to 420oC,
and metal (bulk) dusting, being most reactive at temperatures from 425 to 500oC. On the basis of
AE pattern recognition techniques, noise and relevant signals can be distinguished. The
application of AE has considerably contributed to the identification of the dusting processes and
interpretation of the test results. AE will further be used to study different process conditions and
inhibition effectiveness.
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1. Introduction

Metal dusting is a detrimental chemical process by which low and high alloy steels can
rapidly disintegrate into powdery dust consisting of carbon and metal particles. Detailed
information about this phenomenon is given in References [1 � 9].  Because many processes
contain synthesis gas, consisting of a CO and H2 mixture at various temperatures, material and
process engineers need a better understanding of all parameters which may lead to this
detrimental process. This is required to avoid the critical process conditions, to enable proper
material selection, and, when appropriate, to study the effectiveness of inhibition measures.

In the past, a number of coupon tests had been performed in the Shell laboratories. Effects of
the test parameters applied were mainly judged at the end of a pre-defined test period. This gave
insufficient insight in the process dynamics. At the EWGAE2000 at Senlis 2000, Elf Autochem
paper showed the feasibility and advantages of the application of AE during metal dusting tests
[10]. We decided to apply a similar test set up in our Shell laboratory. Main difference was the
selected steel type and cooling of the tube ends where the sensors were mounted (see Sec. 2).
Apart from protecting the sensors to overheating, a temperature gradient was introduced in this
test set up.

Together with the linear localisation technique of the two AE sensors, AE activities could be
correlated to both position and discrete temperature regions on the tube. This appeared to be an
effective approach to get insight in the temperature dependence of the dusting process.
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2. Experimentel Set-Up

The material of main interest is steel 13CrMo44 with the following composition:
Chemical composition (% weight)

C Si Mn Cr Mo Ni V W Others

0.14 0.2 0.55 0.98 0.6 - - - -

The test tube dimensions and external furnace are given in Fig. 1. Details of the AE sensor
mounting and the cooling part are given in Fig. 2.
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 Fig. 1. Tube dimensions.

 Fig. 2. AE sensor & cooling part.

The heating and cooling of the furnace is computer controlled. The maximum temperature in
the furnace is set and by calibration measurements the resultant tube skin temperature (which is
equal to the internal gas temperature) has been determined. An example of a measured
temperature profile is given in Fig. 3. Away from the centre one can observe very steep
temperature gradients. This implies that with a limited localisation accuracy the correlation with
absolute temperature may have limited accuracy (see Sec. 3).

In all tests, an equal CO/H2 gas mixture was applied at an injection rate of 100 ml/min. In
future tests the mixture will be varied.
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Temperature along the tube (longitudinal) vs x position
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Fig. 3.  Temperature profile along the tube.

We used PAC R15I resonant sensors with a peak sensitivity of 109 dB, operating frequency
70 � 200 kHz, resonance frequency 125 kHz, 40 dB gain integral pre-amplifier for 50 Ω load.
The attenuation over the tube section between the sensors was 3.3 dB. Sensor 2 is 1.4 dB more
sensitive than sensor 1. Data handling and analysis is done with PAC�s Mistras and Noesis
system [11]. For all tests the threshold was set at 43 dB. The filter range from 10 kHz to 400 kHz
was used. Sample rate was 4 MHz, pre-trigger time 20 µs (= 7.8 % hit length) and hit length 1 k-
sample (= 256 µs).

3. Results

On the basis of experience and the available literature data initial tests were started at
relatively high temperatures (> 500ûC). We then observed that directly after start-up of the
experiment AE activities were not registered in the middle of the tube where the highest
temperature is present, but observed 20 to 30 cm left and right from the centre (Fig. 4).  After
various repetitive tests at the same tube the activity rate decreased and finally stopped.

Fig. 4.  AE events as a function of time (vertical axis) and position (horizontal axis). Maximum
tube temperature at the centre (x position = 0.5 m) = 500ûC. Approximate temperature at active
areas: 380 � 420ûC. At these positions dusty powder was found.
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This could be explained and was later confirmed by more systematic tests: the observed
dusting activities were related to dusting of the tube�s oxide layer. The oxide scale is reduced by
the gas mixture, resulting in highly dispersed iron particles. Iron concentrations of 70 % were
measured. When this layer was consumed, the process stopped. By applying different
temperatures different sections of the tube were consecutively consumed. Figure 5 shows a long
duration tests with the maximum tube centre temperature at 400ûC. We see initially most AE
activities slightly left from the centre (left is the gas inlet side). Figure 5 indicates that most AE
activities at this position occurred in the first 10 000 s (roughly 3 hours). The tube was almost
blocked with loose dust at that position. From 15 000 to 25 000 s, an increased number of events
was observed at the right (downstream) side of the centre. Maybe by the left hand (upstream)
blockage, this process went slower, but also at this position dust was found. The oxide layer had
disappeared. The rest of the signals may be related to scatter by localisation limitations: various
dispersive modes, shifts in threshold passing by attenuation, etc. and maybe some slow dusting
activities (much less active below 380ûC). It is very unlikely that outside the furnace area, metal
dusting will be active.

Fig. 5.  Registered events during the oxide dusting process as a function of time and x position.
Maximum tube temperature at the centre of the tube is 400ûC.

The observations that the dusting was limited to the oxide layer alone and that it happened at
relatively low temperatures of the process were rather unexpected. However, we do know that
metal dusting of the bulk material is an existing problem, with indications that this happens at
higher temperatures. Therefore, long-duration experiments at higher temperatures were
performed on tubes where the oxide layer had been consumed by the above-described process.
Figure 6 shows a typical example. The maximum temperature at the tube centre was 550oC. The
activities left of the centre (at the gas inlet side) occur in an estimated temperature range of 425
to 500oC. Another interesting phenomenon is that the AE event rate increases as given in Fig. 7.
This shows that the whole process requires a certain incubation time and then progresses at
constant rate.
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Fig. 6.  Metal dusting AE events (color scale) on time (s) vs. x-position (in m) plot. Maximum
tube temperature at the pipe centre: 550oC.

Fig. 7.  Events (cumulative) vs time. Maximum tube temperature at the pipe centre: 550ûC.

More tests were done. Figures 8 and 9 show test results where the maximum temperature of
the tube was kept at 650ûC. We observe that without incubation first AE activities occur close to
the centre, thus in the temperature range from 600 to 650ûC. After 150 000 s (= 42 hours)
increased activities start further left from the centre (estimated temperatures between 425 and
500ûC). With a symmetric temperature profile one would expect also activities at the right (gas
outlet) side of the tube. A rough estimate of the C-balance from the CO injection and the carbon
formation indicates that most of the reactive gas components have been consumed at the left part
and that �downstream� a different gas composition will be present. This may explain the
asymmetric behaviour.

At the end of the test, black powder and hard solid material (coke formation in a confined
space) was found at the region of AE activities.
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Fig. 8.  Time vs x-position and metal dusting events. Maximum tube temperature: 650ºC.

Fig. 9.  Metal dusting events (cumulative) vs time. Maximum tube temperature: 650ºC.

Finally we want to show test results, which were obtained when stepwise temperature
changes (25oC) were applied (see Fig. 10). We observe that the first significant increase of AE
activities happens when the temperature in the middle of the tube drops from 500 to 475oC. The
activities are slightly left from the centre, thus at slightly lower temperature than the reported
maximum temperatures. The increments are only for a very small amount related to shrinkage
activities: see the minor steps at higher and lower temperatures. This is also confirmed by the
signal characteristics as derived from pattern recognition.
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Fig. 10.  Cumulative events in relation to temperature steps. Events are related to metal dusting
(confirmed). Temperatures are maximum tube temperatures at the tube centre.

We have to keep in mind that the duration of the periods with constant temperature was only
4 hours. From Fig. 9 we learned that the incubation time for the metal dusting process may be
over 40 hours. So this test cannot be conclusive about process reactivity and temperature.
However, the reason for presenting these test results here is to draw attention on a more
interesting phenomenon: within the temperature range from 500 to 400oC the increments in
activities occur at the short periods of the temperature steps and level out when the temperature
is kept constant (faster at 475 and 400oC and slower in the mid-temperature region). The rate of
change is very significant. This may indicate that vulnerability to metal dusting is largest when
favourable process conditions are combined with the presence of certain strain rates, shrinkage or
expansion due to temperature variations. This phenomenon requires further attention, particularly
because this seems to be the fastest process. When the tube was opened, a hard ring of dusty
powder was found, which almost fully blocked the tube.

4. Detailed Analysis/Pattern Recognition

In the previous section, the observed AE events were mainly related to three types of
activities: oxide dusting, metal (bulk) dusting and noise, mainly due to shrinkage and expansion
of the tube during temperature changes. By the controlled tests and follow-up investigations
(dust powder analysis) the periods and conditions can be correlated to the distinctive processes.
Now it is interesting to see whether these processes can be distinguished on the basis of their
signal characteristics. To this end the pattern recognition programme Noeses has been used. First
manual clustering was applied. Within Mistras it is very hard to select a set of data on the basis
of their localisation. By judgement it appeared that dusting activities (from the furnace section of
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the tube, where dusting was identified) mostly had energies >50, whereas over the rest of the
tube more random characteristics were present. These data were selected for further analysis.

Figure 11 shows that the counts and duration distribution plots (signals with energy >50) of
the oxide and metal dusting process can clearly be distinguished. (Counts and duration are
strongly correlated). The same can be done, to a lesser degree, on the basis of the other
characteristics.

Fig. 11.  Frequency distribution of counts (top) and duration (bottom). Oxide and metal dusting
can clearly be distinguished.
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Fig. 12.  Vector projection from unsupervised clustering: energy versus counts (top) and energy
versus duration (bottom). The three clustered, related to noise, oxide dusting and metal dusting
can clearly be distinguished.

Based on single characteristics we get the following discriminating power between the two
dusting process activities:
• If the duration >6000 µs, then the chance that the hit is related to oxide dusting is 160 to 1.

• If the counts >500, then the chance that the hit is related to oxide dusting is 70 to 1.
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• If the average frequency >120 kHz, the chance that the hit is related to oxide dusting is 8 to 1.

• If the energy >500, then the chance that the hit is related to oxide dusting is 4 to 1.
Better distinction can be obtained when a combination of parameters will be used. To investigate
this, unsupervised clustering has been applied to the complete data set of a mixture of oxide
dusting, metal dusting and noise, mainly due to temperature variations. Figure 12 shows vector
projection of energy vs. counts and duration vs. counts. The three distinctive phenomena are
clearly separated. As was done with the manual clustering, best separation is obtained at higher
energy levels.

5. Concluding Remarks

Two clearly distinctive metal dusting activities were identified: oxide dusting in the range of
380 to 420ºC, and metal (bulk) dusting most reactive at temperatures from 425 to 500ºC. On the
basis of AE pattern recognition techniques, noise and relevant signals can be distinguished. The
application of AE has considerably contributed to the identification of the dusting processes and
interpretation of the test results. Insight was gained in the process dynamics, incubation times,
etc. AE will further be used to study different process conditions and inhibition effectiveness.
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