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Abstract

:

Cement mortar composite has a wide range of applications on construction sites, including masonry, plastering and concrete repair. In construction sites, scabbling process is a method to remove from a few millimeters to several centimeters of defect concrete surfaces. As a result, it is essential to investigate the scabbling characteristics for cement mortar with different silica sand proportion in laser scabbling process. In this study, 5 types of cement mortar with different silica sand proportions in mixing were fabricated and scabbled by using a high-density power laser beam. The effects of silica sand proportion in color changing and penetration depth of the samples after laser scabbling process were studied. Furthermore, the generation of micro-cracks and pores were observed by using scanning electron microscopy (SEM). In addition, chemical composition changes between processed zone and non-processed zone were also evaluated by Energy Dispersive X-ray (EDX) analysis. The results of this study are expected to provide valuable knowledge in understanding of the laser scabbling process for cement-based materials.
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1. Introduction


Scabbling method is a technique for removing thin layers of stone or concrete that can range in thickness from a few millimeters to several centimeters. Scabbling has also been used in many applications, including the decontamination of radioactive surface layers in nuclear power plants removing road markings, many other applications in traffic and construction works. There are several scabbling methods such as electro-hydraulic scabbling (EHS), robotic wall scabbler, piston scabbler, and handle scabbler. The EHS method achieves a scabbling depth of up to 1 inch and a scabbling rate of 30 ft2/h, whereas the piston scabbler method achieves a depth of 1/8 inch and a scabbling rate of 130 ft2/h [1,2]. However, there are several drawbacks, including the massive weight of the working system, high current, high voltage, mechanical reaction force, wear down of equipment, and negative environment impact, as well as the operator’s health [3].



Laser-aided manufacturing (LAM) has been widely employed to overcome the disadvantages of previous techniques in various fields, including car manufacturing, aerospace, and semiconductor [4,5,6]. Due to its advantages (e.g., high precision, high speed, non-contact method, remote control capabilities), the applicability of LAM has also been investigated on concrete. Numerous studies on the interaction between laser beam and concrete were carried out. For instance, Seo et al. [7] employed a high-power fiber laser cutting for 50 mm thick cement-based material. The results demonstrated that a line energy of 1.22 × 1014 J/m3 was required to fully cut the 50 mm thick cement paste. On the other hand, the effect of material composition on penetration depth, microstructural characteristic and chemical changes in the laser cutting of cement-based material were also studied [8,9]. Muto et al. [10] used a 7 kW fiber laser at a scanning speed of 2.5 mm/s, and a spot size of 10 mm. The results pointed out that 100 mm in thickness of concrete slabs was completely cut after 21 passes. In laser drilling concrete field, Kaori et al. [11] obtained drilling diameters of 4 mm to 6 mm and depths of around 50 mm in concrete samples with a compressive strength of 20–100 N/mm2 by using the appropriate laser settings. Meanwhile, the use of laser for scabbling on cement-based materials has not seemed to be attractive. In addition, to examine the effect of concrete composition, curing regime and aging on the laser scabbling process, Peach et al. [12,13,14,15] exploited IPG Photonics YPS-5000 5 kW-Continuous wave laser with nominal beam diameter of 60 mm to scabble on several concrete types, the effect curing regime, aging concrete composition were reported. The authors revealed that two major mechanism of this scabbling method were thermal stress and pore stress spalling of concrete. These results were obtained due to low power density laser. However, the using of high-power density laser in scabbling concrete has not been reported.



Several studies have carried out to investigate the interaction of laser with cement-based materials including laser cutting, laser drilling, laser glazing and laser scabbling. However, the effect of silica sand proportion in laser scabbling on cement-based material has not been studied yet. As a result, it is critical to comprehend the impact of silica sand composition in laser scabbling process. The aim of this study is obtaining a fundamental understanding of the interaction between laser and cement mortar with the differences of silica sand proportions. The formation of the glassy layer and heat-affected zone (HAZ) are the major results in the laser scabbling process on cement mortar. Thus, the study of changes in each region are needed. After laser scabbling process, all samples were evaluated in morphological changes such as color changing and scabbling penetration depth. In addition, the changes in the microstructure of each region of the scabbled samples were also determined by using a scanning electron microscope (SEM). Energy dispersive X-ray (EDX) analysis was also used to analyze changes in the chemical composition and the chemical distribution in each zone. According to the findings of this study, it is believed that the using of laser scabbling on cement based materials is applicable for walls and floor at construction sites, as well as for removing the radioactive layers in nuclear facilities.




2. Materials and Mix Design


A series of cement mortars (CM) were prepared to study the effect of the proportion of silica sand in laser scabbling. The materials involved in this study were Ordinary Portland Cement (OPC), silica sand containing about 93% SiO2 weight with a median size range of 0.15~0.53 mm. Mineral admixtures consist of cement and silica sand whose chemical compositions are shown in Table 1. In addition, Table 2 shows the proportions of the mortar samples. The label of the samples was given the same as the silica sand to cement ratio. The specimens were fabricated by mixing cement and silica sand in a laboratory mixer for 60 s before adding water and mixing for 3 min. After mixing, the mixtures were then poured into a cylindrical shape with a diameter and thickness of 53 ± 0.5 mm and 12 ± 0.35 mm, respectively. To improve hydration, the cast samples were enclosed in a plastic sheet. The specimens were removed from the mold after 24 h of storage at room temperature and immersed in a water tank for 28 days of curing. After that, the samples were then taken out and dried to eliminate the remaining water.




3. Experimental Setup


The experimental schematic for the scabbling process of cement mortar is illustrated in Figure 1a. The laser source exploited in this study was ytterbium-pulsed fiber laser (IPG-YLPM, IPG photonics, model YLP-HP IPG photonics, Southbridge, MA, USA) with a wavelength of 1065 nm, the laser pulse duration of 30 ns, and laser spot size of 40 µm. This laser has a beam quality M2 of 1.3. Furthermore, The F-theta lens are designed to focus the laser beam transmitted through fibers from a laser source. The focal distance from the F-Theta lens to scabbling area is 180 mm. In this study, the laser power was set at 180 W and 2 mm/s for scanning speed. In Table 3, the details of each parameter are presented. In addition, depending on dimension and minimizing the cracking of tested samples, the scabbled area was chosen 10 × 10 mm2 (Figure 1b). To ensure that laser irradiation could cover the working area, the scabbling path was divided into two sections: (1) a square boundary line and (2) zigzag hatching lines. The pitch of the zigzag hatching lines was chosen at 0.05 mm to advance this scabbling method, as shown in Figure 1b.




4. Results and Discussions


4.1. Morphological Analysis


Most of the OPC has a large composition of Al2O3, SiO2, and Fe2O3, which are the fundamental elements for creating an amorphous glassy layer at high-temperature conditions [16]. The evaporation of free water molecules and the phase transition of the specimen’s composition were caused by the thermal effect of laser irradiation on the surface of cement mortar, resulting in the formation of the glassy layer. Through observing the top, bottom and cross-section surfaces as shown in Figure 2 and Figure 3, respectively. The glassy layer formed on the specimens’ processed zone. Moreover, the color of the glassy layer changed from scorched (Figure 2a) to green and even turquoise as seen in Figure 2d,e, respectively. One explanation for this phenomenon could be the presence of metal transition ions in oxidation states, especially ferric ions in the Al3+ and Fe2+ oxidation states. At high temperatures, the Al3+ and Fe2+ exposed green and blue, respectively [17]. Furthermore, Wignarajah et al. [18] reported that the presence of metallic oxides in cement samples contributed to color changes on the processed zone impacted by the laser. Table 4 shows the color of the glassy layer that correspond to the metallic oxides in the material composition.



During the laser process, a thermal gradient between the melting zone and the substance material was generated, resulting in the development of thermal stress. In addition, the significant temperature gradient between the laser irradiation temperature and the ambient temperature after the scabbling process caused crack formation. Furthermore, the significant reduction of cracks in the top and bottom surfaces with increasing in silica sand proportions of samples was visually observed, as can be seen in the Figure 2.



After the scabbling experiment, the samples were cut in a cross-section to observe the three main material sections: (1) non-processed zone, (2) heat affected zone (HAZ), and (3) processed zone. Furthermore, glassy layer was generated in processed zone. The procedure for obtaining the section view is shown in Figure 4.



Seo et al. [8] also confirmed that adding silica sand into basic cement-based materials results in decreasing the penetration depth. Meanwhile, Figure 4 reveals a significant decrease in penetration depth while increasing silica sand in proportion from 0.2 to 1.5. In another words, thermal conductivity (қ) describes how quickly heat flows through a material from the hotter side to the colder side under steady-state conditions, and thermal diffusivity (dt) describes how well a material can spread heat [19]. The relationship between thermal conductivity and thermal diffusivity is proportional, as shown by Equation (1). As a result, a decrease in thermal conductivity leads to a decrease in thermal diffusivity.


   d t  =  қ   c p  . ρ    



(1)




where, cp [J·Kg−1·k−1] is specific heat, қ [W·m−1·K−1] is thermal conductivity, dt [m2·s−1] is thermal diffusivity and  ρ  [Kg·m−3] is density. According to Ganeev et al. [20] the Equation (2) expresses the relationship between thermal penetration depth by laser beam energy and the thermophysical properties of the specimen surface as equation below.


   L d  =    d t  * τ    



(2)




where, Ld [m] is thermal penetration depth, and τ [s] is pulse duration. Furthermore, higher silica proportion reduced the thermal conductivity of cement mortar [21]. As a result, increasing the silica sand proportions in cement-based materials lowered the scabbling penetration depth. Along with that, the laser beam was absorbed and limited due to the rapid formation of melting layer induced by the heat effect of laser irradiation.



Peach et al. [12] reported that two main mechanisms for laser scabbling of concrete are pore pressure spalling and thermal stress spalling. Pore pressure spalling was caused by the rapid increase in pore pressure caused by the vaporization of free water, while the formation of thermal stress as a result of severe thermal gradients induced by high heat rates and low thermal conductivity of concrete causes thermal stress spalling. However, they were able to achieve those results by using a low-power density laser of 1.768 W/cm2. On the other hand, in present study employed a laser with a high-power density laser of 1.432 × 107 W/cm2. the evaporation of material was the major process when using this scabbling method. In addition to the evaporation of the material in the processed zone and the formation of the glassy laser were described above.



The heat affected zone (HAZ) is a zone of the base material that was not melted but impacted by the heat generated during the laser scabbling process. According to Maruyama et al. [22], the temperature for the dehydration reaction of Ca(OH)2 is 400 °C or higher. From this study it was reported that microcracks occurred in cement-based materials due to the breaking of chemical and physical bonds caused by temperature. The dehydration of calcium hydroxide is shown in Equation (3) [22]:


Ca(OH)2 + heat→CaO + H2O



(3)







As mentioned earlier, increasing the proportion of silica sand in the specimen decreased the thermal conductivity of the samples. As a result, heat transfer from the processed zone was limited. Along with that, the rapid development of the glassy layer absorbed heat energy and reduced the transmission of the heat energy generated by the laser beam. As a result, the heat generated in the samples containing higher silica sand proportion focused on the processed zone, resulting in a larger HAZ. Moreover, the heat of laser process caused the dehydration and decomposition of cement-based materials, thus the color in the HAZ changed and appeared in a whitish grey [23,24]. In all cases, the heat-affected zone can be clearly observed in a grey-white color, as can be seen in Figure 3.




4.2. Microstructural Analysis


Scanning electronic microscopy (SEM) was used to investigate changes in microstructure in samples subjected to different silica sand proportions. As shown in Figure 5a–e, micro-cracks found by SEM on the cement paste region might explain the apparent surface cracks in samples such as CM0.2 (Figure 2a), CM0.4 (Figure 2b), and CM0.6 (Figure 2c). The dehydration of cement paste was generated by heat affected by laser irradiation. Micro-cracks were generated in the cement hydrate region as can be seen Figure 5a,b. More cracks were formed in cement paste region of samples with low silica content, such as CM0.2 and CM0.4. Furthermore, Figure 5d,e show that micro-cracks formed more densely in the silica sand particles and less densely in the cement paste region, indicating that the occurrence of the cracks on the top surface (Figure 2e) decreased as the increasing of silica sand proportion in the cement mortar. Due to the higher melting temperature of silica sand, the generation of a glassy layer with the major component being silicon in the silica sand restricted the heat transmission of laser beam.



Figure 6 shows the SEM images in the processed zone of cement mortar samples. The size of the pores grew with increasing of silica sand proportions in the cement mortar. Furthermore, samples with a higher silica sand content had a denser appearance of micro-cracks near the pores. Due to that, it can be assumed that the porosity of the glassy layer in samples CM0.8 and CM1.5 is higher than in other samples. It also implies that the glassy layer’s strength is decreased and easily removed with an increasing of silica sand proportion.




4.3. EDX Analysis


The analytical method of energy-dispersive X-ray spectroscopy (EDX) was also used to determine the elements (elemental composition) present on any given material sample. In addition, when used in combination with SEM, allows for the analysis of near-surface elements and their amount at different positions providing a map of the sample [25]. Since the glassy layer is the zone directly affected by laser irradiation, this study investigated the changes in the chemical composition of cement-based materials by analyzing two zones, (1) the non-processed zone and (2) the processed zone (glassy layer), as shown in Figure 7. The decrease in calcium and the increase in silicon percentage are the two major changes in the specimens when comparing the chemical composition of the glassy layers and non-processed zones in the CM series, respectively. The most significant change in calcium element was observed in sample CM0.6, where the percentage of calcium element in the non-processed zone was 81.75% and decreased to 39.77% in the processed zone. In addition, at specimen CM0.8, the percentage of silicon element in the non-processed zone increased from 8.75 to 40.59% in the processed zone. Since the evaporation temperature of calcium is 1484 °C and that of silicon is 3265 °C, a part of the calcium has evaporated after solidification, which can explain the above-mentioned phenomenon. As a result of calcium evaporation, the percentage of silicon has increased while the percentage of calcium has dropped.



EDX mapping was also exploited to determine the distribution of silicon and calcium composition in non-processed and processed zone. Before the EDX mapping process, the specimens were ground after cross section cutting to achieve a high surface quality. Figure 8 shows the EDX mapping images of 2 main chemical components of silicon and calcium in each sample. The chemical mapping in non-processed zone in each sample shows the distribution of silica sand and cement paste. Meanwhile, the heat effect of laser irradiation generated a glassy layer whose major components were silica sand and cement paste, which was melted and resolidified. As a result, the heat effect of laser irradiation caused the redistribution of the element composition between the processed and non-processed zone. Furthermore, the mixing of silicon and calcium component is the obvious difference between the processed and non-processed zone. Under the direct effect of the laser beam in the processed zone, the sample components which included cement and silica sand were melted and redistributed. Thus, silica sand particles were not found in the processed zone. As can be observed in Figure 8, there is a mixing of silicon and calcium components in the processed zone. In contrast, there is no mixing or redistribution of silicon and calcium components in the non-processed zone. Silica sand particles with silicon as the major component could be detected. In addition, the chemical redistribution is significantly greater in high silica sand proportion samples such as CM0.8 and CM1.5 than in CM0.2 and CM0.4 samples. Furthermore, when comparing the distribution of silicon and calcium, the density of silicon was densely distributed in non-processed zone as the proportion of silica sand increased in high silica sand proportion samples such as CM0.8 and CM1.5.





5. Conclusions


Laser scabbling, which advances beyond the limitations of the previous methods, might be one of the better options for scabbling cement-based materials. Understanding the effects of silica sand on the composition of materials used in scabbling is essential to study. A pulsed laser was used in this study with a power density of 1.45 × 105 W/mm2. Experiments on cement mortar samples CM0.2, CM0.4, CM0.6, CM0.8, and CM1.5 were conducted to investigate the effect of silica sand proportion in laser scabbling on cement mortar. Furthermore, SEM/EDX analysis explored changes in the microstructure and chemical composition of cement-based materials under the influence of laser. The main observations and results of this study are summarized as follows:




	
Increasing the silica sand proportion during laser scabbling process resulted in two primary results: (1) decreased scabbling penetration depth, and (2) fewer surface cracks on the top and bottom surfaces.



	
Samples with lower silica sand proportions such as CM0.2, CM0.4 appeared more surface-cracks than CM0.8, CM1.5 which can be explained by the more generation of microcracks in the cement paste of the HAZ.



	
Microcracks and pores were more apparent and denser in the glassy layer of the samples with higher silica sand proportions.



	
The evaporation of material was the dominant mechanism of this scabbling method due to high power density laser.



	
In laser scabbling, the chemical changes in the cement mortar were an increase in silicon percentage and a decrease in calcium percentage when compared between the processed zone and non-processed zone. The main reason for this phenomenon is that the evaporation temperature of silica sand is greater than cement.








Due to the laboratory scale, the use of silica sand and cement types was limited in this study. On the other hand, laser scabbling on cement-based material is a work that is dependent on specific silica sand and cement types in specific locations. So that, in future work, the various types of silica sand and cement in making cement mortar is needed to investigate. Furthermore, experiments are required to determine the effects of silica sand proportion on the influence of volume removal, the surface temperature of samples scabble using a high-power density laser. Furthermore, the optimization of laser parameters is considered to achieve the optimal result in depth penetration and volume removal.
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Figure 1. (a) Experimental setup, (b) scabbling path (while (1) a square boundary line and (2) zigzag hatching lines). 






Figure 1. (a) Experimental setup, (b) scabbling path (while (1) a square boundary line and (2) zigzag hatching lines).



[image: Metals 11 01914 g001]







[image: Metals 11 01914 g002 550] 





Figure 2. Photographs of the top and bottom surfaces: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8; (e) CM1.5. 






Figure 2. Photographs of the top and bottom surfaces: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8; (e) CM1.5.
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Figure 3. Photographs of cross section: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8; (e) CM1.5. 
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Figure 4. Illustrating image of three main material sections. 






Figure 4. Illustrating image of three main material sections.



[image: Metals 11 01914 g004]







[image: Metals 11 01914 g005 550] 





Figure 5. SEM images of heat-affected zone: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8; (e) CM1.5. 
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Figure 6. SEM images of processed zone: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8 and (e) CM1.5. 
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Figure 7. Energy dispersive X-ray (EDX) analysis of chemical composition change. 
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Figure 8. Elemental mapping for Ca and Si on the specimens after the laser scabbling. 
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Table 1. Chemical compositions of cement and silica sand measured by XRF analysis.
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Chemical Component (%)




	

	
CaO

	
SiO2

	
Fe2O3

	
SO3

	
Al2O3

	
K2O

	
MgO

	
P2O5

	
ZnO

	
SrO






	
Cement

	
62.93

	
17.62

	
8.28

	
4.12

	
3.25

	
2.08

	
0.92

	
0.31

	
0.28

	
0.21




	
Silica

sand

	
0.44

	
93.01

	
0.95

	
-

	
3.61

	
1.28

	
-

	
0.67

	
-

	
0.04
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Table 2. Mix compositions of the mortar specimens (proportions by weight).
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Samples

	
Materials




	
Cement

	
Water

	
Silica Sand






	
CM0.2

	
1

	
0.3

	
0.2




	
CM0.4

	
1

	
0.3

	
0.4




	
CM0.6

	
1

	
0.3

	
0.6




	
CM0.8

	
1

	
0.3

	
0.8




	
CM1.5

	
1

	
0.3

	
1.5
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Table 3. Laser parameters of the scabbling experiment.
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LASER Parameter






	
Out-put Power [W]

	
180




	
Frequency [kHz]

	
403




	
Pulse duration [ns]

	
30




	
Laser spot diameter [µm]

	
40




	
Scanning speed [mm/s]

	
2




	
Power density [W/cm2]

	
1.432 × 107




	
Peak power [W]

	
1.49 × 104




	
Pulse energy [mJ]

	
0.447
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Table 4. Example of colorful glassy layers produced by laser irradiation on the surface of zeolite mortar [18].






Table 4. Example of colorful glassy layers produced by laser irradiation on the surface of zeolite mortar [18].





	Type of Oxide
	Color Produced





	Cr2O3
	Light to dark green



	CoO
	Light to dark blue



	MnO
	Brown



	CuO
	Brown, black, brick red



	Fe2O3
	Grey to black
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