Title:  Impact Damage Detection and Quantification in CRFP Laminates; a Precursor to Machine Learning
Authors:
M.T.H. Sultan



K. Worden



W.J. Staszewski
S.G. Pierce

J.M. Duliue-Barton



A. Hodzic

ABSTRACT

The main objective of this research is to detect and classify impact damage in structures made from composite materials. The material chosen for this research is a Carbon Fiber Reinforced Polymer (CFRP) composite with a MTM57 epoxy resin system. This material was fabricated to produce laminated plate specimens of 250 mm × 150 mm, each with three PZT sensors placed at different points in order to record the responses from impact events. An impact hammer was used to produce FRF and time data corresponding to undamaging impacts. To perform the damaging impact tests, an instrumented drop test machine was used and the impact energy was set to range from 2.6J to 41.72J. The signals captured from each specimen were recorded in a data acquisition system for evaluation and the impacted specimens were X-rayed to evaluate the damage areas. As a precursor to the application of machine learning, a number of univariate features for damage identification were investigated.
INTRODUCTION
Fibre reinforced polymer composites have been used in aerospace industry for aircraft components and in various modern vehicles since the 1950’s, when they were shown to possess greater strength, toughness and durability than the individual
materials alone. However, when composites were introduced into the manufacture of aircraft components and structures, damage from unexpected impacts proved to be a problem; such impacts arose during flight operations from runway debris [1-3]

______________
M.T.H. Sultan, K. Worden, W.J. Staszewski, A. Hodzic: Department of Mechanical Engineering, University of Sheffield, Mappin Street, Sheffield S1 3JD, UK.

S.G. Pierce: Department of Electronic and Electrical Engineering, University of Strathclyde, Royal College Building, 204 George Street, Glasgow G1 1XW, UK.

J.M. Dulieu-Barton: School of Engineering Sciences, University of Southampton, Highfield, Southampton SO17 1BJ, UK. 
and bird strike in service, and from dropping of hand tools during maintenance work [2,4]. For low-velocity impacts in polymer composite structures, damage is not generally visible to the naked eye and is potentially undetectable without Non-Destructive Evaluations (NDE) techniques. Such hidden damage is commonly known as Barely Visible Impact Damage (BVID) [5]. In laminated composites usually used in aircraft applications, damage can appear in various forms: matrix cracking, fibre fracture, fibre pullout and delamination. These are all possible damage mechanisms faced by composite laminates in the event of a low-velocity impact. When these materials are subjected to low velocity impacts, the structural integrity, stiffness and toughness of the material are significantly reduced,  resulting in a catastrophic failure of the structure in extreme scenarios [6, 7]. Considering that the impact damage can cause considerable reductions in performance of the composite structures, understanding the processes of impact damage mechanisms and crack growth is essential. It is therefore a major challenge to designers and end users to define a means of identifying damage in composite structures. There is clearly a need to study and understand the behavior of composite structures under impact loading, and this is reflected in the recent growth in the literature on the subject. The current work is concerned with one overall objective, which is to determine if an impact has caused damage and then to determine the extent of that damage using only responses from the structure acquired from low-profile surface-mounted transducers. It is this requirement that only responses be used that distinguishes this work from previous studies on impacts, of which there are many.

TEST SPECIMEN FABRICATION
The CFRP Prepreg was supplied by Advanced Composites Group (ACG). The material used was MTM epoxy resin system (42%RW) with CF2900 fabric (280 g/m2, 12K, 2×2 twill fabric). Four large panels of 0.625 x 0.625 m were produced. The consolidation used a standard vacuum-bagging procedure with the application of elevated temperature and pressure in an autoclave (cured for 30 minutes at 120oC at 5.8 bar). Three of the panels were formed with 12 layers of prepreg (all layers oriented in the same 0-direction); the fourth was initially laid-up with 11 layers and then a further two layers were placed on half of the plate (bounded by the edge and the centerline). The latter plate was manufactured to investigate the effect of the number of layers on impact damage extent. Each panel was cut into 8 test specimens of dimensions 250 mm × 150 mm with a diamond saw. The specimen nomenclature was defined as follows. The original 12-layer plates, labelled A, B and C, were cut into 8 specimens which were named accordingly (for example, the plate A samples were labelled 12LA1 to 12LA8). The final plate was composed of regions D (11 layers) and E (13 layers) and each yielded 4 samples. In total, this procedure gave 24 impact test samples with 12 layers and 4 each with 11 and 13 layers. PZT sensors of type SONOX ® P5 were chosen for the recording of impact responses; three for each specimen; these were placed at three different positions in order to sample responses along different directions of the ply (Figure 1). In total, 96 sensors were used. The impact energy was set to range from 2.6 J to 41.72 J for this study.
EXPERIMENTAL SET-UP

An instrumented drop test rig was used to perform the impact tests (see Figure 2). It consisted of a drop tower equipped with a hemispherical impactor with 13 mm diameter and had a base mass of 2.25 kg. A force ring sensor of 0.0562 mV/N sensitivity was used. The impactor mounting was connected to the frame via linear bearings on either side to enable a smooth travel after release. The apparatus was connected to a LMS Data Acquisition System to record the impact events. Four channels were used for each test; the first for the force ring and the remainder for the responses from the three PZT sensors. The signal processing parameters used for each test were as follows: (a) Span: 2000 Hz, (b) Spectral line: 3200 (c) Resolution: 0.625 Hz
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Figure 1. Layout of the three PZT sensors fixed on a specimen.
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Figure 2. Instrumented drop test rig




While the samples were held in place on the drop rig, a number of non-damaging impacts (very low energy) were made using an instrumented hammer. The impact forces and PZT responses were recorded using the LMS system. In order to obtain a preliminary estimate of the damage area for the higher-energy impacts, an X-ray NDE approach was used. After applying an appropriate penetrant to the damaged area, the damage produced an image on film using through transmission X-Ray. It is assumed that the penetrant is transported completely throughout the damaged region by absorption through the induced cracks and delaminations. In reality, absorption is not complete and the approach produces a lower bound on the damage area. A more reliable estimator can be based on ultrasonic C-scan and the facility for this test is currently under development. 
THE IMPACT TEST RESULTS
For reasons of space, only the results for the 12-layer specimens will be discussed here; the test programme was conducted as summarised in Table I. A range of 16 different impact energies was covered; this allowed the remaining 8 samples to be used to check the test repeatability by carrying out two further tests at four selected energies. Table 1 confirms that the repeatability was excellent, at least in terms of peak force. 
TABLE I. SCHEDULE OF IMPACT TESTS (12-LAYER SPECIMENS)
	CRFP
	Energy (J)
	Force (N)

Hit 1
	Force (N)

Hit 2
	Force (N)

Hit 3

	12LA1
	41.72
	3589.7
	3591.3
	3587.5

	12LA5
	39.11
	3562.2
	-
	-

	12LA6
	36.50
	3555.0
	-
	-

	12LA7
	33.89
	3235.0
	-
	-

	12LA2
	31.29
	3059.9
	3058.6
	3058.3

	12LA8
	28.68
	3022.9
	-
	-

	12LB1
	26.07
	2848.4
	-
	-

	12LB2
	23.47
	2656.3
	-
	-

	12LA3
	20.86
	2470.2
	2468.7
	2470.1

	12LB3
	18.25
	2205.9
	-
	-

	12LB4
	15.64
	2069.0
	-
	-

	12LB5
	13.04
	1958.2
	-
	-

	12LA4
	10.43
	1927.2
	1927.1
	1926.4

	12LB6
	7.82
	1187.2
	-
	-

	12LB7
	5.21
	1064.2
	-
	-

	12LB8
	2.60
	810.0175
	-
	-


The results revealed that the measured peak force showed an excellent correlation with the impact energy; a sub-graph (four points spanning the range) is shown in Figure 3.
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Figure 3. Correlation between impact energy and peak measured force for 12-layer specimens.
The ultimate aim of the research was to make inferences regarding the extent of the damage. To gather the appropriate information, two different methods were used to estimate the ‘damaged area’. The first method used the naked eye and only considered visible surface damage. This is clearly not a true measure of the subsurface area of the damage, however it was considered to be a possible proxy for the true damage when machine learning approaches were applied later. The damaged area was assumed to be circular and was calculated from the surface diameter as measured with a Vernier calliper. The second method used developed X-ray films; the damage area was estimated as the rectangular area bounded by the width and length of the largest flaws visible parallel to the two plate axes. Typical images used for extraction of these estimates are shown in Figure 4.
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                                 (a)            



                       (b)                                                             
Figure 4. Examples of images used to estimate damage areas: (a) visible, (b) X-ray.
Table II summarises the estimated damage areas for the 12-layer specimens as a function of impact energy. Note that for the estimation method which used X-ray images, the notation ND given in the table signifies 'Not Detected'. The damage due to the lower energy impact did not allow sufficient entry of the penetrant into the sample, and hence the term ND was used. 
TABLE II. DIFFERENT ESTIMATED VALUES OF DAMAGE AREAS FOR 12-LAYER SPECIMENS
	CRFP


	Energy (J)
	Force (N)
	Damage Area 

(mm2) directly from test specimen
	Damage Area

(mm2) from X-Ray Film

	12LA1
	41.72
	3589.7
	15.90
	195

	12LA5
	39.11
	3562.2
	15.21
	180

	12LA6
	36.50
	3555.0
	13.86
	144

	12LA7
	33.89
	3235.0
	13.20
	100

	12LA2
	31.29
	3059.9
	12.57
	70

	12LA8
	28.68
	3022.9
	11.95
	60

	12LB1
	26.07
	2848.4
	11.34
	54

	12LB2
	23.47
	2656.3
	10.18
	40

	12LA3
	20.86
	2470.2
	9.62
	30

	12LB3
	18.25
	2205.9
	8.55
	ND

	12LB4
	15.64
	2069.0
	8.04
	ND

	12LB5
	13.04
	1958.2
	7.55
	ND

	12LA4
	10.43
	1927.2
	7.07
	ND

	12LB6
	7.82
	1187.2
	6.16
	ND

	12LB7
	5.21
	1064.2
	4.52
	ND

	12LB8
	2.60
	810.0175
	3.80
	ND


From Table II, it can be concluded that the damage area estimated from the test specimen and X-Ray film produced approximately linear correlation between the impact energy and force. This is clearly illustrated in Figure 5 for the visible damage estimates. The same trend was found for 11 and 13-layered specimens. 
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Figure 5. Ccorrelation between (visible surface) damage area and impact energy.
PRELIMINARY ANALYSIS
The preliminary analysis of the impact responses was limited in its extent. The first objective was to examine the response data determine if the potential existed for evaluation of non-damaging and damaging impacts. The data for non-damaging impacts were obtained from hammer tests on the undamaged specimens. The impact energies were deliberately kept very low to assure that no damage was caused. A typical sample of data is shown in Figure 6. The first trace shows the force as recorded by the instrumented hammer head; the remaining three traces show the responses from the three piezoelectric sensors. 
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Figure 6. Typical example of force and responses from undamaging impact from hammer test.

Figure 6 is ‘typical’ in the sense that all of the responses for non-damaging impacts closely resembled those depicted. In all cases, an exponentially decaying ‘ringing’ signal was recorded; the frequencies observed are associated with the low-frequency modal vibrations of the sample and therefore have much more information about the geometry of the plate than the impact itself. When damaging impacts are considered, the situation becomes rather more interesting. A number of clear distinctions are visible between the signals from the non-damaging and damaging impacts (particularly in Figure 7). In the case of the damaging impacts, the response is eventually dominated by a low-frequency decaying exponential as in the non-damaging cases; however, these vibrations are preceded by a high-frequency component. This can be interpreted in terms of wave propagation. Lamb waves are the dominant waves propagated in thin plates; these are marked by the fact that many different wave modes can propagate and that the waves are dispersive (velocity depends on frequency). The dominant Lamb wave modes excited by the out-of-plane impacts are the antisymmetric modes. In the case of the lowest-order antisymmetric mode, the velocity is an increasing function of frequency; as a consequence, the low-frequency waves excited by the non-damaging impacts are comparatively slow. In contrast, when a damaging impact occurs; the various fracture events generate high-frequency waves which travel faster than the ‘vibration’ modes and therefore arrive earlier; the more energetic the impact, the more high-frequency wave generation. This means that the responses from the damaging impacts can be distinguished from those of the non-damaging impacts by their high-frequency fast-moving wave components. Previous research has shown that the force records also allow a distinction to be made as the force histories for a damaging impact carry a higher frequency component (clearly visible in the zoomed Figure 7). However, the important consideration for monitoring purposes is if damage information is present in the responses, as force records would not be available for any realistic monitoring system. In the current preliminary work, selection of the best features for identification of damaging impacts is not included; nevertheless it is clear that appropriate information is carried in the response.
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    (d)

Figure 7. Measured force and responses for highest energy damaging impact (zoomed - sample 12LA1 – 41.72J).

The second question of interest is if it is possible to infer the possible extent of damage from the response measurements. This will clearly require the existence of features which grow monotonically with impact energy, as it has already been established that damage area is monotonically increasing as function of impact energy. One possible source of information is in the high-frequency fast-moving wave component which appears only for damaging impacts. To make progress with the analysis, it is clearly desirable to remove the low-frequency flexural vibrations from the responses as these are present if the impact has caused damage or not. As the signals are nonstationary, an effective means of filtering out the low-frequency components is provided by wavelet analysis [8]. For the sake of brevity, only the responses from sensor 1 will feature in the following analysis. The continuous wavelet transform was used to analyse the data [8]. This transform can be defined as,
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where b is a translation indicating the locality, a is a dilation or scale parameter, ψ(t) is known as the analysing or mother wavelet and the “*” indicates complex conjugation. Various wavelet functions can be used in Equation (2). The current investigations use the Morlet wavelet given by,
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The continuous wavelet transform allows for combined time-frequency analysis and is particularly useful for the nonstationary impact data investigated in the current paper. Figure 8a shows the contour plot of the continuous wavelet transform amplitude of the response for the impact 12LA1; this is essentially a time-frequency map of the impact energy. 
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Figure 8. (a) Continuous wavelet transform of response from sensor 1 for impact 12LA1, (b) response of filtered region, (c) envelope of filtered region, (d) spectrum of filtered region.
The high-frequency component of the response is clearly marked by the box in Figure 8a. If an inverse wavelet transform is applied only to the signal contained by the box, the high-frequency component of the impact response is essentially isolated as shown in Figure 8b. Once the high-frequency component is extracted, features can be identified that correlate with the impact energy. One such feature is simply the RMS value (essentially standard deviation) of the response. A further means of refining the response is provided by the operation of enveloping, as depicted in Figure 8c; the mean value of the enveloped response will also be considered as a feature. The envelope
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produced here has been calculated using a Hilbert transform approach and the procedure can be found in [9]. Finally, if higher frequencies predominate when damage occurs, it might be considered that the ‘average’ frequency of the response carries information. This is extracted here by computing the spectrum of the response as in Figure 8d and then calculating the frequency centroid.
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Figure 9. Candidate damage indices as a function of impact energy: (a) RMS energy of filtered response, (b) envelope mean, (c) frequency centroid.

When the wavelet filtering operation is applied to all the damaging impact responses and the three features described above are extracted, they can be plotted as a function of impact energy as in Figure 9. The significant feature is that all three potential damage indices show a monotonic increase with impact energy. This monotonic behaviour is important when damage needs to be detected directly from the impact data. The ease with which three effective damage indices were extracted gives confidence that further, deeper analysis will yield even better indicators. 

CONCLUSIONS
The main objective of this study was to describe a series of impact experiments in carbon fibre reinforced polymer composites, conceived to allow the data-driven analysis of impact responses with the ultimate aim of forming a diagnostic tool which can detect impacts, classify them as non-damaging or damaging and potentially infer damage extent in the latter case. The impact experiments appear to have delivered a corpus of high-quality data which can form a valuable basis for research. A secondary objective of the paper has been to show preliminary analysis to support the conjecture that impact responses, measured from basic surface-mounted sensors, can provide enough information to allow the development of diagnostics capable of inferring impact damage extent. Three simple univariate features are given here, which show a monotonically increasing behaviour with impact energy. Considered with the fact that the area measures of damage extent explored here also grow monotonically with damage, the behaviour of the features lends strong support for the conjecture proposed. Further work is already in progress refining the analysis methods proposed here; this includes the investigation of multivariate features as damage indicators and proxies for damage extent.
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