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NEW VACUUM SENSOR FOR DETECTING SURFACE CRACKS ON WELDS

Choi C H

ABSTRACT

A new vacuum sensor is very effective at detecting initiation and growth of cracks on weld
surfaces. This sensor operates by detecting small changes of pressure when a crack passes under
an evacuated cavity.  Because the system relies on vacuum for detection of defects, it is
independent of the other factors such as material, mechanical, and electrical properties that might
otherwise affect sensor systems. For this reason, the sensor is largely free from boundary
conditions. The only exception to this rule is that the sensor is sensitive to geometric effects such
as the weld ‘ripple’.

It is demonstrated that the technique can reliably be used to determine crack size, and thereby
anticipate fracture type as well as future service life.
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1. INTRODUCTION

Weld zone hydrogen cracking is a key concern in the fabrication of thick section weldments in high
yield stress steels because the cracking is commonly formed and difficult to detect. There is
therefore a significant risk of structural failure when cracking exists. Management of cracking can
be achieved by non-destructive examination, however, extremely advanced Non-Destructive
Inspection (NDI) techniques [1,2] are normally required to find and characterise these cracks
properly so that the risk of cracking is minimised.

Rather than rely on a programme of extensive non-destructive inspection, this work hopes to
identify a cost-effective system based on sensors that can give off an alarm before the surface
crack reaches a critical level. Five sensor techniques are being investigated by Maritime Platforms
Division (MPD). They are strain gauges [3,4], vacuum sensors [5], optical fibres [6,7,8],
piezoelectric sensors [9,10,11,12], and the Micro-electro Mechanical System [13,14] (MEMS)-
connected pressure sensor. This report examines and evaluates the capabilities of one of the
sensors: the SMS vacuum sensor. The system under investigation was developed by the
Structural Monitoring System Co and is covered by an International Patent Application (No.
PCT/AU/00235) [5]). SMS Co. worked with MPD on this project.

1.1. The Sensor

The vacuum sensor was originally developed for monitoring of airframes and has potential
application for bridges and buildings and thick walled, welded structures, such as pressure vessels.
The system is known to be accurate with high sensitivity for detecting surface cracks. It still
requires further development however, before it can be considered reliable enough for health
monitoring purposes.

The SMS sensor is a continuous vacuum system, which is operated with a rotary pump to measure
and analyse the pressure status inside a vacuum channel.  The size of this pump is a critical issue.
In a confined-space area such as tanks on a naval vessel, it is essential to minimise the size of the
sensor as much as possible.

The current work is aimed at analysing transverse cracks on welds by modifying and applying the
SMS vacuum system so that this sensor can be used for permanent in-situ health monitoring of
welds in the hull.

2. FUNDAMENTAL PRINCIPLE OF THE VACUUM SENSOR

The principle of the sensor is shown in Figure 1. It comprises four main elements: a vacuum
source, calibrated flow impedance, self-adhesive sensor pads (vacuum channels), and a
differential pressure monitor.

A steady state vacuum is maintained in a Sensor Cavity (refer to Figure 1.) by means of a high
impedance connecting duct attached to a constant vacuum source.  Any airflow through the high
impedance duct creates a pressure drop across the duct and is sensed by the differential pressure
sensor.

Users can select single or manifold channel techniques arbitrarily. On the side of the sensor pad
being applied to the weld surface the sensor pad sheets have an engraved pattern of parallel,
interlaced, micro-channels arranged into manifolds, kept at atmospheric pressure and the system
vacuum pressure respectively.  That is, every alternate channel is evacuated. The geometric size
and shape of a sensor pad, and the size and configuration of its manifold channels, will depend on
the shape of the object to be monitored, its location, and the material it is made from.
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Any crack appearing on the surface, which crosses from one evacuated channel to an adjacent
channel will trigger a measurable deterioration in the vacuum of the sensor, whilst the flow
impedance keeps the pressure at the vacuum source virtually constant.

Due to this shift in vacuum balance, the differential pressure monitor is able to signal the
appearance of the crack.

3. EXPERIMENTAL

Vacuum sensors were attached to two types of test coupons. One type of coupon was fabricated
from mild steel without weld (MSWW) and a second, more complex, type of coupon was fabricated
from high strength BIS-812-EMA steel with T-butt weld (BESWW). Figures 2a and 2b contain the
coupon designs as well as the location and orientation of the attached vacuum sensors. Sixteen
coupons were prepared for MSWW and two for BESWW.

Three of the coupons (MSWW Type) were coated with primer paint to check the stability of the
vacuum sensor cavity. The samples were coated with Intergard EGA088/EGA089 with an average
film thickness of 88 µm.
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Two hydraulic fatigue machines with maximum tensile force of 100 KN and 2 MN, respectively,
were used to test the MSWW coupons and a BESWW coupon. The load conditions are detailed in
Table 1 for the F1 and F2 series samples.

To test the environmental performance of the sensor pads, 6 silicone tubes were attached to the
F2-1 sample. The sample was monitored for 2 days under no load conditions to check for gas
leakage and duct blocking along the cavity of the vacuum sensor. To test the performance of the
bond between the weld surface and vacuum sensor cavity a variety of adhesives were used.
These were PR 1440, Sicaflex 221T, polysulphide, and epoxy.

Furthermore, 6 MSWW coupons (F5 series) with vacuum sensors attached were stored in an open
container under 1 atmosphere for six months and 1 year to check material permeability and
adhesiveness, respectively. The specimens were checked on a monthly basis. Upon completion of
each permeability and adhesion test, the samples were returned to the container.

Table 1.
Load Conditions for F1 and F2 Series Samples

Sample
(number)

Maximum Load
(kN)

Minimum Load
(kN)

R
(Max./Min) ratio

F1-2 (2) 55 0 0
F2-1 (2) 55 5.5 0.1

F2-2 60 6.0 0.1
F2-3 70 7.0 0.1
F2-4 55 7.0 0.1

F2-5 (2) 110 11 0.1
F2-6 120 12 0.1

F2-7 (2) 100 10 0.1
F2-8 50 5 0.1
F2-9 70 7 0.1

F2-10a 50 0 0.1
F2-10b 60 0 0.1
F2-10c 70 0 0.1

The F3-1 test coupons were subjected to a compressive force as shown in Figure 2b. The centroid
point of the T-Butt coupon was calculated and a special jig was manufactured to ensure that the
centre of the MTS piston coincided with the calculated centroid of the T-Butt coupon in an attempt
to minimise possible buckling effects during the cyclic loading. The maximum compressive load for
the MTS machine was limited to1.5 MN. Two parallel line cavities separated by 1cm were attached
to the surface of the weld. A silicone tube was used to connect one end of the cavity to the
adjacent end of the parallel cavity as shown in Figure 2b. This configuration was used on each side
of the T-Butt coupon.

A Delogpro program created by Data Electronic Company was used for collecting channel
pressure output via a Datataker connected to a PC. Differential pressure measurements between
the vacuum source and the sensor channels were determined using the differential pressure
monitor at 1 mbar = 20mV .

Four different types of adhesives were used to attach the sensor cavities on each coupon to check
the durability of the sensor pad. Six coupons were stored in an open container under normal
atmosphere for periods ranging from 3 months to 1 year.
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4. RESULTS AND DISCUSSION

4.1. Adhesive Bond Performance

After three months, three coupons were examined by optical microscopy to determine the condition
of the adhesive bonds. No discernible bondage break was found during this period.  It was noted,
furthermore, that none of the coupons under investigation showed any significant deterioration of
the bond after one year.

4.2. Alarm Sensitivity

The fatigue test coupons were prepared in accordance with the international (ASTM) fatigue test
standard. To obtain an optimum load condition for the F2 series test coupons, a gradually
increasing tensile force was applied to a sacrificial coupon. At a tensile force of 55 kN Lüder’s band
started to appear near the tip of the crack machined into the coupon as shown in Figure 3. The
load was gradually increased to 120 kN until the Lüders band crossed the width of the coupon.
From an engineering viewpoint, the initial stage of Lüders band was regarded as the starting point
of plastic flow. The propagation angle of Lüder’s band is shown as dotted line in Figure 3.

It was found during these initial tests that the alarm sensitivity of a vacuum sensor was not affected
by factors such as crack propagation rate, load condition, and number of load cycles unless a
crack reaches the front edge of the sensor cavity. For this reason, the fatigue amplitude was
arbitrarily set between 55 kN to 120 kN with the frequency range between 5 Hz and 10 Hz.

The rate of crack growth was kept below 50000 cycles/mm by controlling the load when the crack
reached the channel line under investigation. The initial stage of crack propagation through the
channel could be measured and analysed precisely by this technique.

As stated previously, under zero load conditions the four adhesives did not show any leakage
during the test period. To investigate the performance of the adhesives when subjected to dynamic
loading, fatigue tests were performed on three coupons (F10 series).  All of the adhesives
performed well and none showed adhesive bond breakage along the interface between the cavity
and weld after 200,000 cycles at a range between 50 to 70 kN. Testing of the adhesives over a
longer period is required to identify the adhesives that demonstrate the best performance.

Crack tip
Lüder’s’s’s’s band

Lüder’s band starts to appear at this
point

Lüder’s band propagates through this direction to the other side of
the sample

Figure 3.

θ
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4.3. Alarm Pressure

When a crack crossed the sensor pad (cavity channels), air flowed into the SMS sensor at a
greater rate than the normal permeability flow of the channels. An increased differential pressure
indicated that a change in the flow rate of air had occurred.

To determine the alarm pressure threshold, a small silicone cavity with a diameter of 250 µm
sealed on a plastic substrate was prepared. A small sharp crack was created by a knife near the
centre of the sample length. .  An artificial crack was forced to travel from this knife cut and pass
through the cavity very slowly by gradually increasing the tensile load and observing the pressure.
By trial and error, an alarm pressure threshold of 1.37 mbar was chosen because the signal data
due to electrical noise at this level could be visibly separated from the signal data due to the crack.

4.4. Calibration

The F2-5 sample has six SMS sensors, A, B, C, D, E, and F, vertically located from the centre
edge, (refer to Figure 2a. above) and these are connected by a gas inlet tube. The sample was
fractured after 300,000 load cycles

Figure 4. shows voltage deviation against crack growth at the stage at which a crack crosses the
edge of sensor A.  The load regime cycled between a maximum 110 kN and a minimum 11 kN
cyclic at  a frequency of 10 Hz It took 36 seconds from the time of initial gas leak to the time the
alarm was activated. It is evident in Figure 4 that the air inside the sensor tube started to leak just
below the preset alarm threshold.
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Figure 4. shows that the gradient of voltage time curve was 0.91 mV/sec at a time when the crack
crossed sensor A.. As the crack continued to grow the real cross-section of the coupon was
reduced so that the stress over the coupon was redistributed. Whenever a crack crossed through a
channel, the experiment was stopped and the channel was blocked mechanically so that it no
longer leaked air. The experiment then proceeded for the remaining sensors (B, C, D, E, and F) to
also study the effects of stress against pressure differential rate (mV/s). Figure 5 shows clearly the
relationship between pressure differential rate and stress. The gradient was increased from 0.91
mV/sec at 20 MPa up to 300 mV/sec at 40 MPa.

0.91mV/



7

Stress vs. Pressure Differential rate
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It is worth noting that the stress variation in Figure 5. is directly related to the change of the real
sample area due to the growth of the crack.  In other words, the vacuum sensor system can be
used to monitor crack growth as well as for identifying the existence of a surface crack

4.5. Crack Closure Events

Owing to the plasticity of mild steel near a crack tip, crack closure effects can occur in these
specimens.  These effects were investigated by controlling the cyclic load imposed on the test
coupon F2-8 at the stage of crack initiation. The data sampling interval was reduced to 5 Hz at 5
Hz cyclic loading. The load was cycled between a maximum load of 50 kN with a load ratio
(max/min load), R, of 0.1. Under dynamic tensile load, the crack remains open. When the loading
goes to the minimum however, the output voltage drops to zero Figure 6. shows repeated crack
closure indicated by a constant voltage drop to zero volts.  It assumed that the crack is stable at
this stage (that is, a crack is not growing at this stage).

SMS sensor with small cracks
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It is important that one can estimate the maximum force/stress that can be tolerated before a crack
grows and thus create a maximum safe threshold envelope.  This was done by increasing the load
gradually until the voltage went up continuously.  At this stage, the crack closure phenomenon will
disappear and the crack propagation will speed up.

4.6. Adhesive Repair of Sensors

The accuracy of the results obtained from the vacuum sensor could be affected by the adhesive
entering the sensor cavity.
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In an attempt to determine the effect that adhesives may have on crack closure, part of the
adhesive around the vacuum sensor cavity, which is strongly bonded on the crack tip of test
coupon F2-8, was carefully peeled off. The area was then cleaned thoroughly and sealed again
using the same adhesive. Great care was taken to avoid blocking the inside of the cavity. The tests
were then restarted and the results before and after the repair were compared. The vertical dotted
line in Figure 6. defines the results before and after the sensor was sealed and resealed on the
sample. There was no noticeable change in output voltage before and after the repair. This test
was repeated 5 times. Since the adhesive was demonstrated to be working efficiently, even after
repair, it is reasonable to assume that the voltage drop during the rest period may be caused by
the crack closure effect.

4.7. Characterisation of Cracking

These results illustrate that the test procedure can provide additional information about the nature
of cracking in the specimen. In particular, the threshold of the tolerable crack propagation rate can
be accurately anticipated just by observing the output data and the intermittent pattern of signals
as shown in Figure 6. For fast growth of a crack, beyond this threshold, the signal goes up
constantly. This can be easily distinguished from intermittent cracking that shows closure effects.
To illustrate this, Sample F2-9 was used for a test and the results are shown in Figure 7. The
maximum and minimum loads were 70 kN and 7 kN, respectively, at 5 Hz cyclic loading and 5 Hz
sampling rate.

Figure 7. shows the relationship between voltage and time during the growth of a particular crack
(F2-9). The line between A and B in Figure 7. shows the voltage change due to the pressure
deviation as the crack tip approached the edge of the first vacuum channel. It is almost a linear
relationship. There was a rest period between B and C. .As the crack progressed through the
coupon after C the cross section of the coupon was reduced and the stress increased thereby
contributing to an increase in the rate of crack growth. The voltage therefore increased with time
and this demonstrated that the crack length was increasing. The relationship between pressure
and voltage however, did not exhibit a linear relationship i.e. the voltage continued to increase but
the rate of increase reduced. It is notable that during a second rest period from D to E that the
voltage did not return to zero, implying that the crack remained open at this stage.

Another observation is that the gradient of the pressure difference can be used as an indicator of
how much air/or gas leaked volumetrically during the  period that an examiner decided. It further
suggests that with these gradients, one can calculate the crack growth accurately. Slow crack
growth is typified by a gentle gradient whereas fast crack growth is characterised by a steep
gradient.

Voltage Deviation vs. Crack Growth
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4.8. Application to a T-Butt Joint

The technique applied here was also applied when using the BESWW sample (refer to Figure 2b.).
The BESWW sample length was about 300 mm long with 10 mm gaps between channels.
Compressive cyclic loading was applied to the sample at 322 Mpa (1.5 MN). When the pre-set
alarm activated after 250,000 load cycles, the fatigue test was suspended immediately and the
weld was thoroughly inspected by ultrasonic NDI and magnetic particle testing. The inspections
identified a very fine crack on the weld surface at the time. This test demonstrated that the SMS
sensor was sensitive enough to detect a very fine surface crack on a real weld surface.

4.9. Limitations of the Technique

It is already been identified the technique can only detect surface cracking.  This can be a
significant deficiency when cracking initiates beneath the surface.  An additional limitation of the
SMS sensor is that it can’t accurately pinpoint the crack position. A few techniques to overcome
this difficulty have been put forward by the sensor suppliers. One is to send coloured gas through
the cracked channel so that if a leak occurs the location can be detected by sight. This technique
will be studied separately.

4.10. Reduction in Vacuum Pressure

Another experiment was performed to determine the minimum vacuum pressure level that can be
tolerated inside the channels. It would be of significant advantage to minimise the physical size of
the vacuum source if the vacuum sensor system is used in a confined area.  If a reduced vacuum
level is required in the tubes, it follows that the size and energy of consumption of the pump can be
reduced. To reduce the size of the pump however, the vacuum level needs to be drastically
reduced. For example, if the vacuum level is reduced from 200 mBar to 10 mBar, one can replace
the macro vacuum pump with a micro pump.

A micro pump is being developed by MPD using MEMS technology. In this case the controlling
MEMS electronic circuitry can be minimised to match the vacuum pump size.

Next step in this program is to reduce the differential pressure monitor alarm level just above the
noise level. The SIM alarm level has been reduced from 1.37 mbar to 0.5 mbar by reducing the
pressure in steps of approximately 0.5 mbar.  It was found that the alarm activation level can be
safely reduced to 0.5 mbar, which is still much higher than signal noise generated by the
surrounding environment.  It is therefore implied that the alarm level threshold can be reduced to
0.5 mbar or below without signal noise affecting the output.  For practical purposes, the noise level
is under 0.15 mbar.

5. ADVANCED VACUUM-PRESSURE SENSOR UNDER DEVELOPMENT BY MPD

Miniturisation of the vacuum sensor would be advantageous particularly in locations where access
to, and space around, a structural section is limited. For this reason, MPD is developing a
minaturised  vacuum sensor system . A micro pump will replace the vacuum source. The vacuum
channels have been produced and fabricated using MEMS techniques, significantly reducing the
width and the depth of channels to less than 100 µm.  A simple IC circuit replaced the differential
pressure monitor device with smart sensor with IC circuit. This part will be eventually coupled with
the sensor. The basic concept of the minaturised sensor is shown in Figure 8.
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Figure 8.

6. CONCLUSIONS

• The vacuum sensor is sensitive to surface breaking defects and has been used to detect
surface crack initiation and growth.

• The output data is only related to the change in pressure due to a volumetric change in the
channel cavities, which is independent from factors such as variations in material,
mechanical and electrical properties. For this reason, the sensor is free from all boundary
conditions except the geometric effects.

• When a crack crosses a vacuum channel, one can measure the crack size and anticipate
fracture type as well as fatigue life by studying the gradient between pressure variation and
time,

• The SMS vacuum source can be replaced by a MEMS based micro pump if the dimensions
of the vacuum channels can be reduced from 250 µm to less than 100µm.
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