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Abstract:



An automated method for analyzing the shape and size of dimples of ductile tearing formed during static and impact fracture of titanium alloys VT23 and VT23M is proposed. The method is based on the analysis of the image topology. The method contains the operations of smoothing the initial fractographic image; its convolution with a filter to identify the topological ridges; thresholding with subsequent skeletonization to identify boundaries between dimples; clustering to isolate the connected areas that represent the sought objects—dimples. For each dimple, the following quantitative characteristics were calculated: area, coefficient of roundness and visual depth in units of image intensity. The surface of ductile tearing was studied by analyzing the peculiarities of parameter distribution of the found dimples. The proposed method is applied to fractograms of fracture surfaces of titanium alloys VT23 and VT23M.
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1. Introduction


It is known that the ductile fracture of materials leads to the formation of dimples of tearing on the fracture surface [1]. Typically, such dimples are formed as a result of the micropore combination in the material during plastic deformation. Dimples are a consequence of the pore rupture and the destruction of the surrounding material [2,3,4]. A number of models of nucleation, growth, and coalescence of pores are known, but their application under the unpredictable fracture of materials is usually complicated by the need for laboratory determination of many parameters of the material [5,6,7].



Quantitative fractographic analysis allows for estimating the causes that lead to the formation of dimples of tearing and linking them to the structural parameters of materials, in particular, the size of grains, the shape and number of inclusions. However, this method is time-consuming and requires making many measurements of objects that are located on images of fracture surfaces [8,9,10]. Interpreting the findings and evaluating the impact of structural and metallurgical factors on the processes of material fracture also requires the accumulation and analysis of large data arrays [10].



The development of algorithms for the automated analysis of images obtained by methods of scanning microscopy allows for a quantitative description of the morphology of material fractures and structures, shapes and sizes of elements on the fracture surface, which increases the accuracy and reliability of the results that were obtained [11,12].



A number of techniques based on the surface image analysis [13,14,15] have been developed to detect and analyze dimples of tearing on the fracture surface of materials. They use a combination of various known algorithms for the image analysis (in particular, the analysis of image histograms, thresholds, filtering, wavelets, texture analysis, etc.). Despite their effectiveness, the described algorithms have certain disadvantages.



Quantitative evaluation of the parameters of dimples of ductile tearing located on fractographic images of fractures allows for establishing correlation links between them and the static fracture resistance of structural materials, which is especially important for determining the causes of fracture of materials and structures [16,17].



This is especially important in the case of plastic deformation when strains are initiated and localized, as well as in describing and interpreting the behavior of materials under difficult deformation conditions, in particular, in the dynamic non-equilibrium process (DNP), when a “short-term” exposure of the material structure can completely change its properties. [18]. The use of computer analysis methods to solve such problems allows obtaining fundamentally new information and detailing the physical laws of deformation and fracture of materials, in particular, the micromechanical parameters of pores formed during static and dynamic deformation can be obtained, which are difficult to detect by other methods.



The purpose of this work is to develop and test the method for numerical analysis of the shape and size of dimples of tearing located on the fracture surface of the titanium alloy by analyzing the digital image of the surface.




2. Investigation of Static Stretching and Dynamic Non-Equilibrium Process (DNP) of Alloys VT23 and VT23M


The chemical composition of VT23M is the same as that of VT23 (Table 1), however, the range of doping with β-stabilizing alloy elements is 33% less than the corresponding standard for the VT23 alloy. This fact has a significant effect on the improvement of the plastic properties of VT23M compared to VT23 (see Table 2).


Table 1. Chemical composition (in %) of titanium alloys VT23 and VT23M.


	Fe
	Cr
	Mo
	V
	Ti
	Al





	0.5–0.8
	1.0–1.4
	1.8–2.5
	4.3–5.0
	86.0–89.3
	4.4–6.3









Table 2. Mechanical properties of titanium alloys VT23 and VT23M.



	
Titanium Alloys

	
Mechanical Properties




	
σys, MPa

	
σus, MPa

	
δ, %






	
VT23

	
980–1180

	
1080–1280

	
15




	
VT23M

	
1000–1150

	
1080–1180

	
20










Specimens from titanium alloys VT23 and VT23M were used successively to work out loading modes. The specimens were studied under the following schemes of deformation:

	1

	
Static stretching to fracture (VT23M and VT23);




	2

	
Impact toughness testing (VT22M):

	-

	
in the initial state;




	-

	
after DNP.















Static tests were performed and DNP was realized by impact-oscillatory loading [18,19] on specimens from sheet two-phase high-strength alloy VT23 with a thickness of 3 mm. The breaking force of brittle specimens was in the range of 42–156 kN. The impact toughness was determined on flat specimens with a thickness of 3 mm, the width of the working area was 10 mm, and the distance between the supports was 60 mm. The depth of the incision was 2 mm.




3. Algorithm for Image Analysis


3.1. Algorithm


Fracture of the titanium alloy was considered as a localized deformation process. At the same time, features of its kinetics were reflected on the newly formed surfaces. Consequently, the fracture surface is a complete reflection of the boundary condition of the material, and the peculiarities of its morphology are manifestations of the deformation processes in the material.



In our case, the initial image for the proposed algorithm is a grayscale image of the fracture surface of titanium alloys VT23 and VT23M that was obtained using the scanning electron microscope REM 106-I (JSC “Selmi”, Sumy, Ukraine) (Figure 1a,d). The algorithm contains two parts—basic and analytical. The basic part of the algorithm is used to identify areas of the image that belong to dimples of tearing. The analytical part of the algorithm is designed to calculate the quantitative parameters of the found dimples of tearing.


Figure 1. SEM images of fracture surfaces of specimens from alloys VT23 (a) and VT23M (b–d) under static (a,b) and impact (c,d) loading.
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The fractographic image of the tearing surface of the specimen (Figure 1a–d) can be considered as a surface described by the image intensity distribution function [image: ], where [image: ], and [image: ] are the width and height of the image, respectively. For an 8-bit grayscale image, [image: ]. Topologically, on the surface described by function [image: ], dimples of ductile tearing correspond to “valleys” of the pixel intensity, and the edges of dimples correspond to the “ridges” surrounding them.



A method based on the detection of dimple edges was used to highlight dimples of ductile tearing on the image. For this purpose, intensity differences were calculated for different parts of the image.



Initially, in order to eliminate the ejections of function [image: ], it was smoothed by applying the Gaussian filter:


[image: ]



(1)




where [image: ] is the Gaussian operator defined in the neighbourhood of point [image: ].



This allows for averaging the intensity of the pixel based on the surrounding area, while giving advantage to the existing value of intensity. Further actions were performed on the filtered image represented by the function [image: ].



Horizontal and vertical gradients of the function [image: ] are:


[image: ]



(2)







Low values of the gradient correspond to the ridges and valleys of the function [image: ]. To highlight the ridges, the derivatives of the horizontal and vertical gradients were used:


[image: ]



(3)







To evaluate the second derivative at the point [image: ], the Laplace operator was used [20]:


[image: ]



(4)







Thus, the edges of dimples (maximums of the function [image: ]) correspond to minimums of L. To improve the detection of ridges of the function [image: ] and to reduce the effect that is caused by local features of the image, partial derivatives (3) were calculated based on pixels with a size [image: ] from a certain neighbourhood. Also, in order to reduce the computational cost, division by the distance between pixels was removed from the calculation of partial derivatives:


[image: ]



(5)






[image: ]



(6)







In practice, the ridges of the function [image: ] were found from expressions (6) by means of convolution the initial image with filters whose kernels are shown in Figure 2a. It is established experimentally that in the case of the investigated images, a good result was obtained from filters with k = 3. Given this, the white sections of the filter have coefficients of 6 and the black ones have coefficients of 1. In the general case, the coefficient of the white band is 2k. As a result of the described transformations, we obtain an image that is described by the following function:


[image: ]



(7)






Figure 2. Filter kernels to highlight the areas of the image corresponding to the vertice of function [image: ] (a); templates for skeletonization (b), mark “×” corresponds to pixels of any color.
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Thresholding of image [image: ] and skeletonization of the obtained network of edges were performed prior to the segmentation of the edges of dimples. Skeletal image [image: ] was obtained by multi-path overlay of templates on the resulting binary image (Figure 2b) [20]. The central black pixel was removed from each area corresponding to one of the templates. Since the edges of dimples should be interconnected, the “hanging” fragments of the skeleton were also removed. Figure 3 shows the initial images (Figure 1) with the well-defined edges of dimples attached to them. As a result of skeletonization, we obtain a set of points that describe the distribution lines between dimples. To expand this boundary, a morphological transformation of dilation with a structural element of 3 × 3 pixels was used to the skeleton.


Figure 3. The result of recognizing the edges of dimples of ductile tearing on fracture surface of specimens from alloys VT23 (a) and VT23M (b–d) under static (a,b) and impact (c,d) loading.
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After that, the connected areas of pixels surrounded by previously found edges were selected. Each of these connected areas represents an individual object—a dimple. Next, the following parameters were calculated for each dimple-object:

	
area [image: ];



	
coefficient of roundness [image: ];



	
visual depth [image: ] in units of image intensity.








Area [image: ] was calculated as the sum of the pixels that are part of the object.



To determine to what degree the shape of dimples approaches the circle, we calculated the coefficient of roundness for each i-th object. [image: ] is the percentage of object pixels that fall in a circle with the same area, whose center is combined with the center of mass of the object [21]:


[image: ]



(8)




where [image: ] is the number of object pixels; [image: ] is the diameter of the equivalent circle; [image: ] is the indicator function that shows whether the m-th pixel of the object falls within the boundary of the equivalent circle; [image: ] is the radius vector directed from the center of the equivalent circle [image: ] to the m-th pixel of the object with coordinates [image: ]. Coordinates of the center of mass of the object:


[image: ]



(9)







We denote the set of edge pixels of the object by BP (there is at least one background pixel in their neighbourhood). All of the other pixels of the object will be considered internal. We denote the set of such pixels by IP. To determine the visual depth of object [image: ], we calculated the mean intensity of the object edge [image: ] and the mean intensity of the dimple-object [image: ]:


[image: ]



(10)




where [image: ], [image: ] is the number of elements in the set of [image: ] and [image: ], respectively.



The visual depth of the object in units of image intensity is:


[image: ]



(11)







For images with different color depth, the relative visual depth is more informative:


[image: ]



(12)




where [image: ] is the maximum possible value of the pixel intensity for the depth of image [image: ]. Very small objects and objects for which the visual depth was very low ([image: ], [image: ]) were removed from further analysis.




3.2. Equivalent Diameters of Dimples Analysis


The investigated fracture surface has an eddy structure that formed as a result of the micropore coalescence and the destruction of interstices between them. The formation of pores was accompanied by localized deformation processes within their boundaries [14,15]. However, they are sufficiently clear, which allowed for identifying individual dimples and evaluating their parameters. Figure 4a–d shows distribution histograms for equivalent diameters of dimples shown in images from Figure 1.


Figure 4. Distributions of equivalent diameters deqv of dimples for alloys VT23 (a) and VT23M (b–d) under static (a,b) and impact (c,d) loading.
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3.2.1. Static Stretching


Alloy VT23. The maximum array of dimples in this sample Nmax = 381 pcs is represented by dimples with a size from 1 to 2 µm. The range of the dimples found is from 0.6 to 18.7 µm. That is, the array is formed by relatively large circular dimples with a poorly developed relief at the bottom in the form of mostly light, closed looms. The presence of both large and small dimples in the sample can indicate the heterogeneity of the structure of the material [22].



Alloy VT23M. It is found that dimples with a size from 1 to 2 µm formed the largest array Nmax = 220 pcs. The range of the dimples found was from 0.6 to 18.1 µm. The conglomerates of dimples that were located on the light ridges covered with smaller dimples were found. VT23M is characterized by a reduced range of formed dimples. A reduction in the maximum dimensions of dimples under static deformation and fracture was also noticeable. The obtained results may indicate that a 33% lower range of doping with β-stabilizing elements inherent in this material affects the evolution (accumulation and annihilation rate, mechanisms of origin, and scheme of reconstruction) of the defective substructure and the volume of micropores.




3.2.2. Impact Toughness


Alloy VT23 (without DNP). It is found that dimples with a size from 2 to 3 µm formed an array Nmax = 176 pcs. The basic range of the dimples found was from 0.6 to 10 µm. Fracture is characterized by a fibrous relief, in which the surface is less developed and “smoothed”. Small, shallow, equilibrium dimples were formed in zones with weakened bonds between structural constituents. The interstices between these dimples are formed by a typical ductile mechanism.



Alloy VT23 (with DNP). For this test scheme, it was found that dimples with a size from 1 to 2 µm formed the largest array: Nmax = 243 pcs. The range of the dimples found was from 0.6 to 12.3 µm. Morphological analysis of the surface indicates a significant effect of shear processes on the formation of a breakage [23,24]. One can notice a decreased size of dimples compared to static fracture and their greater disorder. The shape of dimples varies from circular to elongated, which is the result of the germination of the main defect and the stochastic process of combining the dimples. The interstices between these sections and the dimples of different shapes are formed by a typical ductile mechanism with the formation of breakouts and deformed sections on the fracture surface. After the DNP realization, the amount of microdefects in the alloy increases, which contributes to the formation of a greater number of micropores, but their sizes are less than those under static deformation. Significant pore densities cause higher energy costs for fracture.



It should be noted that in the process of deformation and fracture, the dimples depend on the structural parameters of the material only partly. This is due to the fact that the local stress-strain state of the material changes at the time of initiation and coalescence of micropores. Since this process is random, we constructed distribution histograms for dimples of tearing in order to illustrate this effect. Note that the main task was not only to determine the size of dimples, but also to evaluate the distribution of their individual groups within the analyzed area for each material examined and type of test.






4. Macroparameters as an Integral Indicator


4.1. Shape and Depth of Dimples


The shape and depth of dimples can be compared (with identical test and image acquisition schemes) with the ductility of the material. It is known that deep conical dimples are inherent in the fracture of very plastic materials. Therefore, it was suggested that an increase in crack resistance is accompanied by an increase in the relative visual depth of dimples and the fracture surface. If we assume that the depth of dimples is proportional to their size, then we can assert that VT23M has better mechanical properties. In addition, VT23M is more plastic at the high rates of deformation and localization of the deformation process. Figure 5 shows distribution histograms of the visual depth of dimples shown in images of Figure 1.


Figure 5. Histogram of the number of dimples with different levels of relative depth [image: ] for alloys VT23 (a) and VT23M (b–d) under static (a,b) and impact (c,d) loading.
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4.1.1. Static Stretching


Alloy VT23. It is shown that the maximum array of dimples Nmax = 405 pcs is represented by dimples with [image: ] from 0.05 to 0.1 in the general range of 0.02 ≤ [image: ] ≤ 0.48. This indicates similarity in the depth of large and small dimples in the sample.



Alloy VT23M. It is established that the maximum array of dimples Nmax = 288 pcs is represented by dimples with [image: ] from 0.1 to 0.15 in the general range of 0.02 ≤ [image: ] ≤ 0.82. This indicates that these dimples had a shape that was different from the previous ones.




4.1.2. Impact Toughness


Alloy VT23 (without DNP). It is established that the maximum array of dimples Nmax = 204 pcs is represented by dimples with [image: ] from 0.1 to 0.15 in the general range of 0.02 ≤ [image: ] ≤ 0.73.



Alloy VT23 (with DNP). It is established that the maximum array of dimples Nmax = 238 pcs is represented by dimples with [image: ] from 0.05 to 0.1 in the general range of 0.02 ≤ [image: ] ≤ 0.72.



In general, it should be emphasized that the analyzed breakages are formed by small, extremely dispersed dimples, which are separated by regions of relaxation with a micro-dimple structure.





4.2. Additional Characteristic of the Surface


4.2.1. Relative Share of the Surface Covered with Dimples and Average Dimple Size


Another characteristic of the surface is the relative share of the surface covered with dimples–[image: ]. It was calculated as the ratio of the sum of dimple areas to the study area [16]:


[image: ]



(13)




where [image: ] is the sum of dimple areas in fracture shown in the image; N is the number of dimples; and, [image: ] is the total area of the image.



The average dimple size was also determined, as proposed in [1]:


[image: ]



(14)







Relative shares of dimples Sr (%) and interstices (Sb), % and other dimple parameters within the analyzed area are given in Table 3.



Table 3. Quantitative results of image analysis.



	
Schemes of Deformation

	
Relative Strain, ε, %

	
[image: ], μm

	
N, pcs

	
Relative Shares of Dimples, Sr, %

	
Relative Shares of Interstices, Sb, %






	
Static fracture

	
VT23

	
17.40

	
2.84

	
1038

	
74.04

	
25.96




	
VT23M

	
22.30

	
3.13

	
767

	
75.19

	
24.81




	
Impact fracture

	
VT23M

	
-

	
3.75

	
571

	
80.22

	
19.78




	
VT23M after DNP

	
-

	
2.74

	
695

	
75.59

	
24.41










The nature of damage to the surface is determined by the parameters of dimples of tearing located on it [3]. It is empirically established that the coefficient of the dimple shape Kc is informative for their classification. It was believed that the coefficient of roundness Kc is the localization parameter of the dimple deformation at the microlevel due to the growth of a crack formed as a result of the coalescence of dimples.



Point diagrams showing the dependence of the dimple shape parameter Kc on its equivalent diameter were constructed (Figure 6). To summarize their results, they were approximated by a straight line using the least squares method. It is found that straight lines were located at angles 80°, 81°, 79°, 77° to the vertical line, respectively, i.e., in a sufficiently narrow range. At the same time, an increase in the angle of inclination indicates an increase in the integral approximation of the analyzed dimples to the circular shape. It is found that small dimples of tearing are close to the circular shape (Figure 6). Further propagation and coalescence of dimples indicates a certain tendency to acquire a more circular shape. In addition, boundary effects become smooth and get orientation along a certain direction.


Figure 6. Dependence of the dimple shape parameter Kc on its equivalent diameter d for alloys VT23 (a) and VT23M (b–d) under static (a,b) and impact (c,d) loading.
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4.2.2. Static Stretching


It was found that titanium alloy VT23M has dimples of a somewhat rounder shape than alloy VT23. This is due to certain features of the technological process of obtaining the material and the course of the damage accumulation process. The circular dimples of tearing were formed on areas of structural heterogeneity, in particular, in the vicinity of inclusions and on boundaries between grains, which was accompanied by the accumulation of local strains and the fracture of the material. The consolidation of dimples is primarily due to the transition to a volumetric stressed state, which causes the growth and coalescence of defects with the formation of large dimples [25,26,27].




4.2.3. Impact Toughness


Alloy VT23M (with and without DNP). For both cases of impact fracture of the material, it was found that dimples have a more brittle appearance. However, the influence of the plastic flow of the material is noticeable. The deformed contours of dimples with sharp edges and their deformation in the direction of fracture process indicate a mixed (ductile-brittle) mechanism of the formation of the investigated surface.






5. Conclusions


A method is proposed for the analysis of ductile separation surfaces of high-strength titanium alloys VT23 and VT23M that is based on their fractograms obtained using an electronic scanning microscope. The method is implemented using the algorithm for detecting the edges of dimples of tearing, which contains operations of smoothing the initial image; its convolution with a filter to detect edges; thresholding with subsequent skeletonization to identify boundaries between dimples; clustering to allocate connected areas; and, calculating the quantitative indicators of the found objects.



The feature of the objects detected by this method is that they are surrounded by distribution ridges of intensity on the original image. The proposed method takes into account this feature and is oriented on its search, which allows for a more precise identification of edges of such objects, in contrast to the methods that focused on the direct analysis of the image pixel intensity.



Based on the analysis of fractographic images, the regularities in static and dynamic fracture of high-strength titanium alloys have been established, and quantitative evaluation of the parameters of their fracture surface was performed. It was found that the fracture surface of specimens in both test types is formed by the dimple mechanism. The size of dimples was from 0.5 µm to 20.0 µm. The distribution diagrams of dimple sizes for each alloy, including the type of loading, have been constructed.



It was found that titanium alloy VT23M had better deformation properties at macro and micro levels than VT23. This is confirmed by a higher relative parameter of dimples of tearing [image: ] = 3.13 µm (VT23M) and 2.84 µm (VT23). DNP causes a decrease in the size of dimples of tearing and an increase in their number when compared with the initial state of alloy VT23M in impact strength testing.
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