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Abstract 

Composite helmets are made from a combination of durable synthetic fibers, such as Kevlar (aramid) and ultra-
high molecular weight polyethylene, bonded with resins. Only non-destructive testing allows for the examination of an 
entire batch of helmets and the identification of those with internal structural damage that reduces their ballistic resistance. 
Due to the shape of the helmet shell, ultrasonic thermography is the most effective method for detecting defects. This 
article presents selected results of non-destructive testing of composite helmets after many years of use and their 
verification using the V50 destructive method.  

1. Introduction  

The rapid development of composite materials took place during and after World War II as a result of the growing 
demand of the aerospace and automotive industries for lightweight and durable materials that could replace traditional 
materials such as steel and other metals and their alloys. One type of composite is fiber-reinforced composites. They are 
currently the most commonly used materials in a variety of applications. 

Fibers as reinforcing materials have two advantages. Firstly, the bulk material is always stronger when produced 
as small diameter fibers due to the natural exclusion of large-scale defects. Secondly, the configuration of the fibers allows 
the properties to be adjusted in certain directions [1]. 

There are four basic types of fibers as reinforcing materials used in advanced composite industries [2]. These are 
glass, carbon, aramid and boron fibers. 

In the early 1970s, Du Pont developed an aromatic organic fiber, known as Kevlar™, with high specific tensile 
modulus and strength [3]. Aramid fibers are also known as Nomex (Du Pont) and Twaron (Teijin Aramid). Important generic 
properties of aramid fibers are:  low density, high tensile strength, high tensile stiffness, low compressive properties 
(nonlinear), and exceptional toughness characteristics. Aramid fibers have high thermal stability and dielectric and 
chemical properties. Aramid fiber is relatively flexible and tough.  Thus it can be combined with resins and processed into 
composites by most of the methods established for glass [3]. Aramid fiber has good vibration damping properties. In 
addition to the above-mentioned advantages, aramid fibers also have disadvantages, including poor compression 
characteristics. Their compressive strength is only about 1/8 of the tensile strength. aramid fibers are sensitive to ultraviolet 
(UV) light. When exposed to ultraviolet light, aramid fibers turn from yellow to brown and lose their mechanical properties 
[4]. Due to their advantages, aramid fiber-reinforced composites are the basic material used in military applications. 

Composite helmets are most often made from synthetic aramid fibers, which are five times stronger than steel 
and characterized by extraordinary tensile strength and resistance to high temperatures. Their production process involves 
a technologically advanced composite molding process, designed to create a shell with high ballistic resistance. Kevlar is 
supplied as a fabric (aramid), which is then infused with special resins (most often phenolic-butyral) to increase stiffness. 
The fabric is cut into the desired shape and then layered (usually several dozen layers). Laying the fibers at various angles 
(e.g., 0/90 degrees) ensures uniform strength in all directions. The stacked material is placed in a hydraulic press. Under 
the influence of high temperature and very high pressure, the layers fuse together, creating a uniform, rigid shell. Excess 
material is trimmed, and the helmet is given its final shape. The helmet is then varnished, which increases its resistance 
to external factors such as moisture and UV radiation, which negatively impact the strength properties of aramid fibers. 
Suspension elements, shock-absorbing pads, and chin straps are mounted inside the shell, ensuring comfort and stability. 

Defects that can occur in multilayer composite materials include those resulting from the technological process 
and from operational use. These defects affect the properties of the composites, such as their number, dimensions, shape, 
and arrangement. 

Defects can occur during the technological process. Technological defects are related to the shield's 
manufacturing method and arise from incorrectly conducted technological operations. 

Defects that can occur in this type of composite materials include, among others, imperfections in the bonding of 
composite layers, disbonding, thin gas gaps, usually filled with air, delaminations between composite layers occurring 
during impacts caused by impacts, fragments, and projectile fire due to destructive ballistics tests, material discontinuities, 
inclusions of foreign materials, flat cracks, etc. These defects can also occur together. 

From each batch of helmets produced, selected items are subjected to destructive testing to verify their ballistic 
resistance. After many years of use, the helmets are also subjected to these tests to determine whether they can be used 
again. 
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2. Destructive testing 

The ballistic resistance testing of composite helmet shells is defined in the PN-V-87001 [5] and STANAG 2920 
(NATO) [6] standards. There are three classes of fragment resistance and two classes of bullet resistance. The fragment 
resistance of a helmet in a given class should comply with the specified ballistic protection limit value V50 and a deflection 
value Ug≤20 mm. Ballistic Limit V50 denotes the velocity at which a given material stops exactly 50% of the 
projectiles/fragments striking it, while the remaining 50% penetrate it. V50 is determined statistically by averaging a series 
of impact velocities (usually 6, with 3 penetrations and 3 stops) using FSP – Fragment Simulating Projectile (Figure 1). 
The difference in the measured velocity of individual standard fragments should not exceed 40 m/s. A higher V50 value 
(given in meters per second – m/s) indicates a higher level of protection. If the difference in velocity exceeds 40 m/s, testing 
should continue until the five highest measured velocities resulting in partial penetration and the five highest measured 
velocities resulting in complete penetration are achieved. The difference in velocity should not exceed 50 m/s. If the 
difference in velocity exceeds 50 m/s, testing should continue until the seven highest measured velocities resulting in partial 
penetration and the seven highest measured velocities resulting in complete penetration are achieved. The difference in 
velocity should not exceed 60 m/s. 

 

 

Fig. 1. Fragment Simulating Projectile [2] 

Back Face Deformation (BFD) after ballistic testing indicates the degree of inward deformation (depression) of 
the helmet material upon impact with a fragment or projectile, provided the helmet is not penetrated. The deflection value 
is tested to determine whether the helmet protects against blunt trauma below the V50 velocity. Figure 2 shows a diagram 
of the impact point distribution with an example firing order. 

 

 
Fig. 2. Diagram of the hit point layout with the firing order marked 

In practice, the V50 informs the user at what impact velocity the shield ceases to provide nearly 100% protection, 
and the risk of penetration becomes real. 
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The number of helmets to be tested depends on the number of helmets in the batch. If the batch contains fewer 
than 300 helmets, 2 helmets are tested; for batches up to 1,000 helmets, 4 helmets are subject to destructive testing. 

The standard is to meet the requirements of class O3 of the standard [5]. This means that the helmet must protect 
against fragments at a speed of V50 ≥ 600 m/s. 

Figure 3 shows a stand for testing destructive shooting of helmets. This drawing shows the ballistic barrel (1) from 
which the fragments are fired and the optical barriers (2) for measuring the velocity of the fired fragments. Figure 4 shows 
a fragment of the station with a visible helmet mount, which allows the helmet to be positioned in relation to the ballistic 
barrel in such a way that it is possible to hit a specific spot on the helmet with fragment. 

When testing a batch of helmets after many years of use, randomly selecting helmets for destructive testing does 
not guarantee that the remaining helmets do not have internal damage that would reduce their ballistic resistance. Only 
non-destructive testing of 100% of the helmets in the batch after many years of use allows for the elimination of damaged 
helmets. 

 

 
 

Fig. 3. Stand for testing destructive shooting of helmets 
 

 
 

Fig. 4. Helmet mounted on the destructive testing stand 
 

3. Non-destructive testing 

 
Due to the varying structures of composites and the various types of defects present, it is essential to select the 

appropriate diagnostic method for each case. In the case of composite materials, there is a growing interest in diagnostic 
methods using infrared thermography. The interest in infrared thermographic diagnostics results from its non-invasiveness, 
effectiveness and universal nature [7]. 

Non-destructive testing using infrared thermography involves detecting defects in the material and provides 
information about the properties of the tested object without depriving it of its functional value (i.e., without changing its 
operational suitability). 

1 2 
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There are many measurement methods for detecting defects using infrared thermography. Infrared thermography 
is useful for non-destructive detection of invisible defects. Thermographic methods require specific skills to achieve good 
defect detection results, especially in composite materials [8]. In the case of active testing methods, measurement methods 
differ in the type and parameters of the thermal stimulation source. To select the most effective testing method and 
determine the defect detection conditions, computer simulations are performed, minimizing the time, cost, and effort 
compared to conducting real experiments. 

Pulsed thermography (PT) is one of the most popular thermal stimulation methods in active infrared thermography 
[9]. One reason is the speed of inspection based on a short thermal stimulation pulse [10]. In this method, the source of 
thermal stimulation is optical radiation in the form of a thermal pulse. Tests involve the use of a lamp, laser, etc. to generate 
a thermal impulse (or series of impulses), which lasts from several milliseconds for highly conductive materials (e.g., 
metals) to several seconds for low-conductivity materials (e.g., plastics). During pulsed thermography tests, a cooling pulse 
may also be applied to the surface of the test sample [11]. According to the PT testing methodology, the sample surface 
to be inspected should be heated uniformly. For this purpose, a suitable (dual or multiple) flash system with lamps arranged 
symmetrically relative to the IR camera is advantageous, enabling both homogenization and an increase in excitation 
power density on the sample surface. The maximum amount of energy that can be injected into the sample has an upper 
limit determined by the temperature at which the material begins to be damaged [10]. 

When examining composite helmets, due to their shape and the reflective coating, optical heating methods are 
not effective. During our experimental work, we determined that ultrasonic thermography would be the most effective 
method. 

3.1. Ultrasonic thermography 

Ultrasonic infrared thermography [12 - 14] is a method of active non-destructive testing based on ultrasound and 
infrared thermography. After introducing them into the sample, ultrasonic waves will move freely through the homogeneous 
material. However, an internal defect causes a complex combination of absorption, scattering, beam dispersion and wave 
dispersion, which will ultimately be in the form of heat. The heat will then move by conduction in all directions. If an infrared 
(IR) camera is pointed at one of the sample surfaces, a trace of the defect can be detected. The advantage of using this 
method is the ability to identify the defect regardless of its orientation in the sample and the ability to detect both internal 
and open surface defects. Hence, this method is useful for detecting delaminations and cracks [15]. 

Ultrasonic waves propagating in solids are described by the laws of continuous mechanics, in which the wave 
propagation speed depends on the material density and its elastic constants (Young's modulus, Kirchhoff's modulus or 
compressibility). The greater the elasticity and density of the medium, the greater the speed of propagation of ultrasonic 
waves. Aramid fibers have a modulus of elasticity (stiffness). They are very stiff and resistant to stretching (5 times stronger 
than steel for the same weight). This means they are difficult to stretch, but when subjected to load, they do not permanently 
deform. This is the reason why the ultrasonic thermography method can be effective in detecting defects in composite 
helmets reinforced with aramid fiber. In solids, ultrasonic waves can propagate as both longitudinal and transverse waves. 
This is advantageous for detecting various types of defects. 

The ultrasonic wave is produced by a transducer composed of a stack of piezoelectric elements. The transducer 
relay should be properly pressed against the sample to ensure proper ultrasonic transmission, otherwise poor ultrasonic 
transmission may occur or cause unwanted heat near the point of ultrasound introduction [16]. 

Compared to optical (external) techniques, the heat wave travels half the distance in ultrasonic thermography 
studies. This is because heat propagates from the defect to the surface (for optical techniques, heat moves from the surface 
to the defects and back to the surface). Therefore, ultrasonic thermography tests are quick. Damage just beneath the 
surface can become apparent within seconds of initiating thermal stimulation with an ultrasonic signal. Of course, longer 
heating times are required to detect remaining defects. The deepest defects can be located during the cooling phase. 
Additionally, the longer the transducer operates on a surface, the more heat is released at the contact surface, increasing 
the likelihood of damage to the area. It should be borne in mind that the pressure exerted on the sample has a large impact 
on the thermal response [16]. By synchronizing ultrasonic pulses with thermograms recorded by the system, it is possible 
to use the lock-in function and perform additional amplitude and phase shift analysis. 

3.2. Test stand 

The experiments at the Military Institute of Armament Technology (MIAT) was made using a FLIR SC 7600 IR 
imager (image format 640×512) in a sequence of 300 thermograms. Ultrasonic stimulation was performed with an 
ultrasound generator at the frequency from 15 kHz to 25 kHz. Output power was from 300 W to 0.9 kW (the maximum 
allowed power was 2 kW). The ultrasonic signal was generated from 50 s to 100 s. While the registration time was from 
120 s to 240 s. Figure 5 presents the set-up used for the thermographic tests containing an ultrasonic thermal stimulation. 
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Fig. 5. Photo showing the helmet on the test stand during testing. 

4. Results and Discussion 

4.1. Images processing 

In non-destructive testing using thermographic methods, as in other non-destructive testing methods, appropriate 
image processing techniques are used to improve defect imaging. During thermographic testing, sequences containing 
hundreds of images (thermograms) obtained during experimental testing are recorded. During the analysis of hundreds of 
images containing details, these are replaced by a limited set of distinct features, amenable to the application of methods 
and algorithms for their recognition. In addition to standard methods used in digital image processing, specialized data 
processing techniques are employed, the most important of which include: thermal tomography, Fourier transform, wavelet 
analysis, thermographic signal reconstruction, dynamic thermography standardization, principal component analysis, 
neural networks, particularly deep learning and data fusion. 

While testing various image analysis methods, we obtained the best results using PCA and Complex CWT 
(Complex Continuous Wavelet Transform) methods. 

Principal component analysis (PCA) is a transformation that converts a large amount of information contained in 
related input data into a set of statistically independent components based on their importance. It is therefore a form of 
lossy compression, known in information theory as the Karhunen-Loeve transformation [17]. 

PCA uses a decomposition method to extract spatial and temporal information from a matrix of thermographic 
data. A three-dimensional matrix (a sequence of captured thermal images) is converted into a two-dimensional matrix, with 
temporal values arranged in columns and spatial data in rows. The two-dimensional matrix is then decomposed, and the 
resulting matrix can be re-presented as an image sequence. 

The wavelet transform enables the simultaneous representation of time and frequency signals and approximates 
signals by isolating their characteristic structural elements. Unlike the Fourier transform, the wavelet transform 
decomposes a signal into elementary signals called wavelets, which are continuous waveforms of varying duration and 
spectrum [18]. The wavelet transform allows for the analysis of signal frequency changes as a function of time. Wavelet 
analysis is a useful tool for analyzing short-time signals, transient data, or complex images. 

In thermographic tests, the basic function pf Mortel is used, which is a function of form of sinusoids modulated by 
Gaussian functions. Distribution parameters are called translation b i scale factor a. Then, the wavelet transform equation 
(W) has the form: 

 
 

 

where ℎ𝑎,𝑏 is wavelet function related to parental function of a compound: 

 
 

 

𝑊(𝑎, 𝑏) =  ∫ 𝑇(𝜏)ℎ𝑎,𝑏

+∞

−∞

(𝜏)𝑑𝜏 
                (1) 
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T – temperature, 

𝜏 – time. 

 
 ThermoFit™ Pro software used in thermogram analysis allows for wavelet analysis using two methods: CWT 

and Complex CWT. CWT (Continuous Wavelet Transform) and Complex CWT (Complex Continuous Wavelet Transform) 
are two different signal analysis methods that utilize wavelet transforms. They differ primarily in the type of wavelets used 
and the interpretation of the results. Complex CWT uses complex wavelets, which allows for the analysis of the signal's 
phase and amplitude. It is a function of scale and real-valued position. In the software used, the maximum scale is a=20 
and the position is also b=20. 

 

4.2. Results of helmets after 10 years of use 

Composite helmets, after repeated use, may develop both visible surface defects and defects in their internal 
structure. Figure 5 shows a type of helmet that was first subjected to non-destructive testing, and then, after determining 
the V50 parameter, destructive testing was conducted by shooting at the areas of the helmet where defects were detected 
using ultrasonic thermography. 

 

 
 

Fig.6. Composite helmet. 
 

Examples of defect detection results using ultrasonic thermography in composite helmets, as well as 
visualizations of the results after destructive shooting testing, are presented in Figures 7÷10. In many cases (as seen in 
the thermograms), more than one defect may occur in a single helmet tested after several years of use. Results are 
presented for 2 helmets.  

Figure 7a) shows the best thermogram from the ultrasonic thermography examination, with the most visible defect 
marked with an arrow. The results of processing the thermogram sequence are visible in Figures 7b) and c). In Figure 7b), 
after applying the PCA method (second component), the defect is clearly visible. The Complex CTW wavelet analysis 
method (Morleta wavelet with parameters a = 10, b = 12) was also used, the results of which are shown in Figure 7c. The 
defect is also clearly visible. This image also shows a series of red spots; as we determined during destructive testing, 
these are places where the paint is poorly adhering to the helmet shell. The use of PCA image processing methods and 
wavelet analysis significantly improved the defect imaging, which is clearly visible in Figures 7 b) and c). 

Figure 8 shows the results of destructive testing. The images are slightly rotated compared to those in Figure 7 
because the helmet was shot perpendicular to the defect. For this helmet, the ballistic protection limit value was determined 
using the destructive shooting method with measurement of the bullet velocity, which is V50 = 665 m/s. A shot was fired at 
the location where the defect was detected at a velocity of V = 643 m/s, which penetrated the helmet. This means that the 
defect caused a weakening of the helmet's ballistic resistance. The Complex CTW wavelet analysis method (Paul wavelet 
of Order n=5 with parameters a = 8, b = 15) was also used, the results of which are shown in Figure 8c. 

Figure 9a) shows an internal crack in the composite helmet structure, running from top to bottom. The crack is 
marked with a white arrow. The entire crack is visible only in this phase image. In Figures 9b) (PCA analysis (second 
component) and 9c) Complex CTW wavelet analysis (Morleta wavelet), only the upper part of the crack is visible. 

Figure 10 shows the results of destructive shooting tests. Figure 10a) (light spot) shows the fragment impact point 
near the crack visible in Figure 9a). This is also clearly visible in the image after PCA and wavelet analysis (). During 
destructive testing of this helmet, V50 = 700 m/s was determined. The fragment velocity upon impact with the damaged 

ℎ𝑎,𝑏 (𝜏) =  
1

√𝑎
ℎ (

𝜏 − 𝑏

𝑎
) 

 

                (2) 
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zone was V = 695 m/s, and the helmet was penetrated. This indicates that the damage reduced the helmet's protective 
capabilities. 

 
 

          
a)                                                         b) 

 

 
c) 
 

Fig.7. Results of non-destructive testing of the front part of the helmet: a) the best thermogram after ultrasonic 
thermography testing, b) thermogram after PCA analysis (2 components), c) thermogram after wavelet analysis. 

 

            
a)                                                                 b) 

 

 
c) 
 

Fig.8. Helmet (Figure 7) after destructive shooting tests a) phaseogram, b) image after PCA analysis of the 
second component, c) image after wavelet analysis 
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a)                                                  b) 

 

 
c) 
 
 

Fig.9. Results of non-destructive testing of the front part of the helmet: a) phaseogram, b) image after PCA 
analysis (2 components), c) image after wavelet analysis. 

 

                   
a)                                                       b) 

 

 
c) 
 

Fig.10. Helmet (Figure 9) after destructive shooting tests a) phaseogram, b) image after PCA analysis of the 
second component, c) image after wavelet analysis 

 
The presented results demonstrated that ultrasonic thermography effectively detects defects that significantly 

impact the protective properties of a composite helmet. It should also be noted that the type of verification we conducted 
is not easy. Difficulties arise from the possibility of firing only a single shot at the defect zone. Fragment velocity depends 
on the powder charge used for that shot. An incorrectly selected powder charge can skew the obtained results. Everything 
depends on the experience of those conducting the destructive tests. 
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5. Conclusions 

Non-destructive testing allows for the examination of entire batches of helmets. This is particularly important when 
examining helmets after many years of use, when a decision must be made whether a helmet can be used again or should 
be decommissioned. The presented results confirm the potential of infrared ultrasonic thermography in examining objects 
made of aramid fiber-reinforced composites with complex shapes, such as composite helmets. The presented method 
enables the examination of composite helmets of various shapes and sizes. 

We intend to focus our further work on developing methods for processing images (thermograms) and applying 
artificial intelligence methods to their analysis, which will significantly accelerate the procedure for non-destructive testing 
of helmets. 
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