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Abstract 

The aim of this research was to assess the ability of amalgam restorations to induce 

amorphous mineral precipitation at the caries-affected-dentin substrate. Sound and caries-

affected dentin surfaces were subjected to both Zn-free and Zn-containing dental amalgam 

restorations. Specimens were submitted to thermocycling (100,000cy/5 ºC-55 ºC, 3 months). 

Dentin surfaces were studied by atomic force microscopy (AFM/nano-roughness), X-ray 

diffraction (XRD2), field emission electron microscopy (FESEM) and energy-dispersive 

analysis (EDX), for physical and morphological surface characterization. Zn-containing 

amalgam placement reduced crystallinity, crystallite size and grain size of calcium phosphate 

crystallites at the dentin surface. Both microstrain and nanoroughness augmented in caries-

affected dentin restored with Zn-containing amalgams. Caries-affected dentin showed the 

shortest mineral crystallites (11.04 nm), when Zn-containing amalgams were used for 

restorations, probably leading to a decrease of mechanical properties which might favor crack 

propagation and deformation. Sound dentin restored with Zn-free amalgams exhibited a 

substantial increase in length of grain particles (12.44 nm) embedded into dentin crystallites. 

Zn-containing amalgam placement creates dentin mineralization and the resultant mineral 

was, utterly, amorphous in nature. Amorphous calcium phosphate will provide a local ion-rich 

environment which is considered favorable for in situ generation of prenucleation clusters, 

succeeding further dentin remineralization. 
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INTRODUCTION 

Dentin is a complex hydrated fiber-reinforced biological composite that serves as an 

elastic support for enamel (Vaseenon, 2011). Its structure is composed of 70 % inorganic 

hydroxyapatite (HAp) crystal by weight or 50% HAp crystal by volume, in the form of a sub-

micrometer to nanometer-sized carbonate rich, calcium deficient apatite crystallites (~5 x 30 x 

100 nm), dispersed between parallel, micrometer-sized, hypermineralized, collagen-poor, 

hollow cylinders, dentinal tubules, containing peritubular dentin (Marshall, 1997). 

Intertubular dentin lies between the dentinal tubules and has a lower mineral content 

compared to peritubular dentin. The mineral content in dentin consists of crystallites whose 

size is approximately of the order of magnitude less compared to enamel crystallites. The c-

axis of crystallites in dentin, as in other mature hard tissues, is distributed along extended 

collagen fibers. The size and texture of crystallites depend on their location in the tooth, kind 

of the tooth and maturity of the tissue (Gawda et al., 2004). The mineral phases of dentin can 

be described as calcium HAp with the ideal formula of Ca10(PO4)6(OH)2 (Kay et al., 1964). 

The biological HAp is not pure, containing carbonate-containing apatites and some other 

elements as magnesium (Mg), phosphate (PO4), chloride (Cl), fluoride (F), sodium (Na), 

carbonate (CO3), among others (Vaseenon, 2011). The biological apatites have a formula of 

(Ca, Mg, Na, X)10(PO4, HPO4, CO3)6(OH, Cl)2 and is called carbonate HAp (LeGeros, 1990). 

The organic matter represents 18% by weight or 18%by volume, which is largely a felt-work 

of type I collagen (90%) and noncollagenous proteins (10%) such as dentin matrix protein and 

dentin phosphoproteins. Approximately, 25 vol% of the dentin content is fluid. The changes 

in the surface structure of dentin caused by caries may lead to significant impairment of the 

normal function of teeth, and eventually, lost of teeth (Fujisaki et al., 2012). 
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Dentin is subjected to an uneven stress distribution with localized stress concentrations 

because of the peri-intertubular dentin, micro-scale cavities. It is also exposed to unusual 

changes of temperature and force transfer in the tissue due to biting hard food and poor 

matching of the biting surfaces of teeth (Fujisaki et al., 2012; Toledano et al., 2015a). These 

stress concentration generate cracks that may cause the tooth to fracture. Thermal cycling is 

conventionally used to simulate the thermal changes that occur in the oral cavity during 

eating, drinking, or breathing which may stress the restorative interface. Mechanical stresses 

induced by differential thermal changes can directly induce fatigue propagation, fracture, and 

fluid flow through this restorative interface (Mazzitelli et al., 2012).  

Amalgam restorations still have higher functional durability than resin composites 

(Moraschini et al., 2015; Sjögren & Halling, 2002). Despite aesthetic requirements, the 

mechanical properties, longevity and mainly the functional rehabilitation prevail as the most 

important criteria when choosing the restorative material (Moraschini et al., 2015; Qvist et al., 

1990). Moreover, amalgam restorations reduce the possibility of secondary caries over time 

by forming oxides in the margin of the cavities as a result of the natural corrosion of the 

material. These corrosion products at the interface and further uptake of metal ions associated 

or not to Zn-containing amalgams might have performed as nuclei for apatite precipitation at 

the collagen fibers (Toledano et al., 2015b). Nevertheless, zinc has been widely used in 

dentistry, and it has been experimentally incorporated into several resin adhesives, reducing 

MMPs-mediated collagen degradation, inducing dentin remineralization at the bonded 

interface, and preserving the bonding efficacy over time (Toledano et al., 2013). To 

incorporate this doping agent within the chemical formulation of resin composites for 

restorations poses a future challenge. 

Previously, it has been proved that Zn-containing amalgams restorations submitted to 

three weeks of load cycling promoted intrafibrillar mineralization, i.e., functional 
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remineralization (Bertassoni et al., 2009), of the partially mineral-depleted in caries-affected 

dentin surfaces. These outcomes have provided information on structure and mechanical, 

morphological physical and chemical changes produced at micro and nano-scale at 

demineralized dentin below Zn-containing amalgams (Toledano et al., 2015c); however, 

additional correlation analyses of properties of the whole new surface are still needed. In this 

line, it is recommended to determine the grain size and lattice strain accordingly determined 

by measuring the deviation of line profile from perfect crystal diffraction, and so the preferred 

orientation of crystallites. Thereby, it is required to assess the capacity to absorb thermal 

shock waves and alleviate stresses, at these locations, in order to prevent crack propagation 

across the boundary between the two phases of dentin. Thus, it also may serve as useful 

biomimetic models for joining thermally dissimilar biomaterials to restore teeth form and 

function. 

The HAp crystal structure is altered by tooth decay in the early stage of caries. As 

HAp-like mineral material has a hexagonal crystal structure, X-ray diffraction can be used to 

analyze its micro/nano-scale structure (Fujisaki et al., 2012), with particular emphasis on the 

lattice structure (Hanschin & Stern, 1995). Dentin structure can be affected by atomics 

substitutions within the crystal lattice and induce limitations in size of the well-ordered 

domains. It also can be influenced by the presence of strain or distortion resulting from 

eventual dislocation within the lattice (imperfection) and /or internal disorder (Hanschin & 

Stern, 1995). The mechanical properties of macroscopic dentin are strongly dependent on the 

alignment and orientation of the HAp crystals (Habelitz et al., 2001).  The strain distribution 

is an important indicator of the stiffness of teeth as force bearing tissue during actual biting 

(Fujisaki et al., 2012). X-ray diffraction analysis can be used to perform quantitative 

measurements of both the crystal orientation and the lattice strain on the tooth surface 

(Fujisaki et al., 2012). X-ray micro-diffractography (µXRD2) with high resolution makes 
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possible to analyze a dental surface in situ without destruction and milling. Moreover, it has 

been possible to apply this non-destructive technique in carious and normal selected 

microzone areas (Xue et al., 2008). 

In the present study, crystallinity, crystallite sixe, grain size, lattice strain and texture 

of human dentin substrata were physically evaluated. This analysis was complemented with 

atomic force (AFM), and field emission scanning electron microscopy (FESEM), and energy 

dispersive analysis (EDX). The tested null hypothesis was that there are no differences in 

physical and morphological characteristics of sound and caries-affected substrata after 

removal of Zn-free vs containing amalgam restorations. 

 

MATERIAL AND METHODS 

Specimens preparation and thermocycling 

Nine extracted carious third molars without opposing occlusion were employed for the 

study. They were stored in 0.01% (w/v) thymol at 4º C for less than 1 month. Teeth were 

collected after written patients’ informed consent (20 to 40 yr of age), under a protocol 

approved by the Institution Review Board (891/2014). Specimens were randomly assigned to 

three groups (n = 3) according to the type of amalgam to be used: with or without zinc; one 

group remained untreated. The inclusion criteria for carious dentin substrate were as in 

Toledano et al. (2016). Flat mid-coronal sound dentin, and caries affected dentin surfaces 

surrounded by normal dentin, were  exposed using a hard  tissue microtome (Accutom-50; 

Struers, Copenhagem, Denmark) equipped with a slow-speed, water‐cooled diamond 

wafering saw (330-CA RS-70300, Struers, Copenhagen, Denmark). Molars were transversally 

sectioned (Isomet 4000, Buehler, Lake Bluff, IL, USA) at the mid-coronal portion of each 

tooth, to produce dentin discs (2.5 mm thick), one per tooth, and were polished through SiC 

abrasive papers up to 4,000-grit with a final polishing procedure performed with diamond 
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pastes (Buehler-MetaDi, Buehler Ltd.), through 1 μm down to 0.25 μm. The specimens were 

treated in ultrasonic bath (Model QS3, Ultrawave Ltd, Cardiff, UK) containing deionized 

water [pH 7.4] for 5 min at each polishing step.  

Two third of teeth were restored with amalgam. Two self threading titanium retentive 

pins (4.4 mm length) (STP Restorative Dentsply Maillefer, Ballaigues, Switzerland) were 

used to retain the amalgam restorations, by using copper bands (Copper Bands, Hard. AB 

Dentatus, Spånga, Sweden), surrounding the prepared dentin discs. A tile of Zn-free vs Zn-

containing dental amalgam was condensed on top of the disc surfaces in a layer of at least 3 

mm thick. Finally, the amalgam surfaces were finished with hand instruments. The detailed 

composition of each amalgam is shown in Table 1. The other third remained untreated as 

control. A schematic illustration of the specimen preparation and amalgam restoration is 

provided in Figure 1. 

All samples were stored for 24 hours in simulated body fluid solution (SBFS), pH 

7.45, at 37 ºC, and then submitted to the test of thermal cycling (100,000cy/5 ºC and 55 ºC, 

during 3 months) (SD Mechatronik GmbH, Germany), in PBS (phosphate buffered saline) 

(Ref. D8662, SIGMA-ALDRICH, St Louis, USA). The amalgam tiles were removed from the 

discs by cutting away the amalgam around the retentive pins.  

 

Atomic Force Microscopy (AFM) analysis. Nanoroughness measurements 

The dentin surfaces were automatically polished wet (Struers LaboPol-4, Struers, 

Copenaghen, Denmark), using a series of SiC abrasive papers down to 4000 grits. 

Subsequently, they were polished with diamond pastes of 1 and 0.25 m on a hard cloth and, 

finally, finished by polishing with 0.05-µm alumina powder slurry. The discs surfaces were 

scanned using an atomic force microscopy in tapping mode (TM/AFM) (Nanoscope V, 

Digital Instruments, Veeco Metrology Group, Santa Barbara, CA, USA). The tapping mode 
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was performed using a 1–10 Ohm-Cm phosphorus (n) doped Si tip. Changes in vertical 

position provide the height of the images, registered as bright and dark regions. The tip 

sample was maintained stable through constant oscillation amplitude. A data scale of 1,504 

µm and a slow scan rate (0.1 Hz) were employed. Five three-dimensional (3D) digital images 

(15 x 15 µm) were obtained from each specimen. To analyze the intertubular dentin surface 

nanoroughness, five randomized boxes (1 x 1µm) were created on each topographical image 

(n = 75). Topography and the average surface nanoroughness (SRa nanometers) of the 

scanned areas were evaluated. All measurements were performed using Nanoscope Software 

V7. Nanoroughness values were analyzed by one-way ANOVA and Student- Newman-Keuls 

multiple comparisons tests. 

 

 X-Ray Diffraction (XRD) analysis 

The X-ray micro-diffractometer (µXRD2) used in this study was a single crystal 

diffractometer with a 2-dimensional detector system Cmos Photon 100 (Bruker-D8 Venture, 

Wien, Austria), equipped with kappa geometry based goniometer 2D Detector and XRD 2D 

Scan software. The X-ray beam (Cu Kα line, λ = 1.5418 Å) was generated by a Cu 

Microforms source Iµs and generator settings of 50.00 kV/1.00 mA were employed. The 2D 

position sensitive detector had 1024x1024 pixels. Both the starting and ending positions were: 

distance, 40.00 mm; 2: 40.00°; Omega: 20.00°; Phi: 270.00°; Chi: 50.00°. Wavelength of 

1.54184 Å (Cu). The sample to detector distance was 40.00 mm, 2 scanning angle range was 

from 10° to 80°. All measurements were performed at room temperature (295±0.1°K) and an 

exposure time of 60.00 s. A voltage of 50.00 kV, a current of 1.000 mA with the anode of Cu 

were used for the generator. The schematic illustration of the specimen preparation for XRD 

analysis, after the amalgam removal, is shown in Fig. 2. The rest of the procedure is as in 

Toledano et al. (2016).  
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 From the X-ray micro-diffraction pattern, it has been calculated the size of the 

crystallites, the root-mean-square of the lattice strain and the crystallites preferred orientation. 

For this, it was proceeded as follows. First, Scherrer equation to calculate the crystallite size 

(Perales et al., 2008; Zhang et al., 2003; Xue et al., 2013), was used: 

cos

K
d


 

       (1) 

 In this equationd is the mean size of the crystallites, K is a dimensionless shape factor, 

with a value close to unite –note that in the case of dentin, 0.94K   (Xue et al., 2013), and  

is the peak full width at half maximum (FWHM) of the line broadening. In order to obtain the 

crystallite length and width, we used this formula for the line broadenings corresponding to 

002 and 310 reflections, respectively (see data in Table 2). 

Alternatively, the mean crystallite size, and also an estimation of the lattice strain, can be 

obtained by Scherrer-Wilson equation (Perales et al., 2008; Klug & Alexander, 1974; Xue et 

al., 2013): 

   
2

2

1
20

tan tan sin rms

K

d

  
  
     (2) 

 In this expression rms  is the root-mean-square of the lattice strain and the FWHM of 

the line broadening, , is calculated by the following integral of the intensity, I, carried out 

over the line broadening, 
1

peak
p

I d
I

   , with Ip being the peak intensity. In order to obtain 

d from equation (2), there have been then plotted the values of 
2

2tan




 as a function of 

tan sin

K
 

 for the line broadening. By doing so, the experimental data were approximately 

distributed along a straight line for all the samples under study (see Fig. 3 as an example) and, 
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thus, we could safely apply the Scherrer-Wilson model. Finally, it was obtained the slope and 

the intercept of the line of the best fit to the experimental data by performing a regression 

analysis using the method of least squares. From these data (slope and intercept), the 

crystallite size (equal to the inverse of the slope) and the root-mean-square of the lattice strain 

[(equal to the intercept) –see Table 2)], were also obtained. Note that the root-mean-square of 

the lattice strain is a measure of the local distortion of the lattice planes (Lewis & Northwood, 

1968). As for Scherrer equation, the crystallite length and width by line broadenings 

corresponding to 002 (H) and 310 (L) reflections, respectively (see data in Table 2), have 

been calculated. In order to determine the interaction of variables with the HAp structure the 

ratio H/L (Bigi et al., 2004) was also measured. 

 Finally, it has been assessed the preferred orientation of the crystallites (texture) from 

the following intensity ratios (Xue et al., 2013): 

211
hkl hkl

hkl

I
R k

I
       (3) 

 In this expression I211 and Ihkl are the intensities corresponding respectively to line 

reflections 211 and hkl, and 
211

st
hkl

hkl st

I
k

I
 , where the superscript st refers to intensities calculated 

according to the JCPDS card. Note that R values close to unity correspond to random 

orientation, whereas R values significantly different than unity indicate the presence of 

preferred orientation of the crystallites in the crystallographic direction associated to the 

corresponding line reflection (Low, 2004; Xue et al., 2013). 

 

Field Emission Scanning Electron Microscopy (FESEM) and energy dispersive 

(SEM/EDX) analyses 
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Specimens were then fixed in a solution of 2.5% glutaraldehyde in 0.1 mol/L sodium 

cacodylate buffer for 24 h, rinsed three times in 0.1 mol/L sodium cacodylate buffer. Samples 

were placed in an apparatus for critical point drying (Leica EM CPD 300, Wien, Austria). 

They were then sputter-coated with carbon by means of a sputter-coating Nanotech Polaron-

SEMPREP2 (Polaron Equipment Ltd., Watford, UK) and observed with a field emission 

scanning electron microscope (FESEM Gemini, Carl Zeiss, Oberkochen, Germany) at an 

accelerating voltage of 2.5 to 3 kV.  Energy-dispersive analysis was performed in selected 

points using an X-ray detector system (EDX Inca 300, Oxford Instruments, Oxford, UK) 

attached to the FESEM. 

 

RESULTS AND DISCUSSION 

Our results confirm that placing of Zn-containing restorations reduced crystallinity, 

crystallite size and grain size, increasing both microstrain and nanoroughness in caries-

affected dentin, creating amorphous mineral for further functional remineralization.  

X-ray diffraction patterns of dentin indicate that they are essentially constituted of 

HAp as a unique crystalline phase (Figs. 4 and 5). The analysis of µXRD2 profiles of dentin 

(Fig. 5) showed that the physical broadening (FWHM) of peaks at 002 (2, 25.900º; centroid 

peak position hkl, 0/0/-2; I, 10977386) and 310 (2,40.127º; centroid peak position hkl, -

3/1/0; I, 1380390) reflections, were increasing in caries-affected dentin surfaces restored with 

both Zn-free (Fig. 4) and Zn-containing (Fig. 5) amalgams, after thermocycling.  Mineral 

crystallinity (FWHM) merely expresses the crystallographic or relative atomic order obtained 

from diffractometry, since narrower peaks suggest less structural variation in bond distances 

and angles (Schwartz et al., 2012). In general, the narrower the spectral peak width is, the 

higher the degree of mineral crystallinity (Karan et al., 2009). This association denotes the 

presence of higher degrees of impurities and amorphous components, with decreased 
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chemical stability (Moshaverinia et al., 2008). It also creates biogenic apatites that are 

characterized by low degree of crystallinity and non-stoichiometry (Bigi et al., 2004).  

At figure 8, the deposits of this new apatite at intertubular, peritubular and intratubular 

dentin may be pointed out, and it reveals that the analyzed surface is located at the 

substransparent zone of the caries-affected dentin (Fusayama, 1993). In this zone, tubules are 

usually and partially occluded with mineral, but the amount of mineral at intertubular dentin 

might not be normal (Marshall et al., 1997). A non regular pattern of mineral crystallization 

was attained, as crystal deposits adopted microtubular-shaped organization (intratubular) or 

knob-like profiles (peritubular). Since calcium and phosphorous are the main components of 

biological apatite, these ions play an essential role in remineralization (Sauro et al., 2013; 

Toledano et al., 2012).  The principal components that resulted after EDX analyses (Fig. 8, 

Ep6/Ep7) were phosphorus (P), calcium (Ca), magnesium (Mg), tin (Sn) and zinc (Zn). Both 

Zn2+ and Sn2+ perform as Ca/P growth inhibitor (Hoppe et al., 2011), favoring stabilization of 

the amorphous state (Barrére et al., 1999), and therefore, hindering crystallinity of the new 

nucleated minerals. The incorporation of Mg2+ implicates shortening of the c-axis and a 

reduction of crystallinity (Okazaki & LeGeros, 1992).  Cl- appearance (Fig. 8, Ep6), though 

limited, has been linked to a lack of maturation (Hanschin & Stern, 1995). Zinc may act as 

crystal growth inhibitor facilitating amorphous calcium phosphate stabilization, and 

intrafibrillar remineralization of collagen. Zinc stimulates remineralization as a direct 

activator of the enzyme alkaline phosphatase. Magnesium and zinc have also been shown to 

inhibit osteoclast activity, and induce new bone formation through regulation of osteoblast 

differentiation (Hoppe et al., 2011; Ma et al., 2013). It has also been demonstrated the 

inhibition of metalloproteinases by metals, metal salts, and zinc present in dental products. 

Zinc strongly reduced MMPs mediated collagen degradation in partially demineralized 

dentin. A collagen protector effect, exerted trough binding at the collagen sensitive cleavage 
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sites of metalloproteinases, has been advocated, so metalloproteinases will be able to act in 

the subsequent remineralization process (Osorio et al., 2011).  

Remineralization is a dynamic process in which amorphous phase formation, phase 

stabilization, and transition of calcium phosphate continuously occur  (Ten Cate & 

Featherstone, 1996). This general lack of mineral maturity may influence some properties of 

the dentin surface. Authors agree that a roughness decrease may be associated to a role of 

mineral maturation (Zurick et al., 2013). The average roughness measurements determined 

from multiple AFM images for each dentin sample submitted to study are summarized in 

figure 10. When comparing the quantifiable surface roughness, a different trend from that 

seen for the non-treated group was found, i.e., dentin surfaces restored with Zn-containing 

amalgams showed higher SRa than dentin surfaces restored with Zn-free amalgams or the 

control group, which performed similar. It is believed that the formation of specific mineral 

nodules at both sound and caries-affected dentin might have favored amorphous-bulk mineral 

precipitation. Beyond that, bulk precipitates may be more likely to settle not only into features 

on the sample surface, but in the presence of Zn within the chemical composition of the 

restorative, ultimately leading to an augmentation of the surface roughness (Zurick et al., 

2013). 

In dentin surfaces treated with Zn-free restorations and assessed at (002) reflections, 

caries-affected dentin attained ~5.24% lower FWHM than sound dentin. On the contrary, at 

(310) reflections, crystallinity decreased ~2.27%, indicating an increase in the crystal disorder 

of HAp, which has been associated to lower mechanical properties (Low, 2004). This clearly 

suggests that human dentin is a functionally graded material with a distinct gradation or 

heterogeneity in crystal disorder, at the nanometer and micrometer scale. The heterogeneous 

crystals distribution was observed in the FESEM analysis (Fig. 7), where multiple rhomboid-

shape β-tricalcium phosphate mineral crystals of Whitlockite, plate like minerals or non-
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regular mineral formations were spotted at the entrance of tubules. This location corresponded 

with the transparent zone of the caries-affected dentin substrate (Fusayama, 1993) where, 

additionally, some collagen fibers exhibited mineral deposits embedded in the remnant 

collagen scaffold-like structure (Fig. 7c). 

When Zn-containing amalgams were evaluated, caries-affected dentin resulted ~1.91% 

less crystalline (higher FWHM) than sound dentin at (002) reflections, and practically 

unchanged at (310) reflections (Table 2). It has been hypothesized that the lower sharp peaks 

or peak broadening (Zhang et al., 2003) perpendicular to the c-axes (Hanschin & Stern, 1995) 

in the µXRD2 indicated that sound dentin became more amorphous (Moshaverinia et al., 

2008) or with more crystals imperfections in nanocrystallite materials, i.e, small crystallite 

size and lattice distortion (Zhang et al., 2003) than caries-affected dentin. In addition, sound 

dentin (Figs. 9e, 9f) resulted less rougher than caries-affected dentin (Fig. 10), and as a 

consequence it is a more mature tissue (Zurick et al., 2013); this counterargument needs 

further research. Those mineralized formations, though more crystalline (lower FWHM) 

(Table 2), were shown covering both the intertubular (Fig. 6a), and the peritubular (Fig. 6b) 

sound dentin. In a large extent, tubules appeared totally mineral-occupied with an advanced 

and complete hermetic sealing (Fig. 6a) of the dentin surface. The analysis of µXRD2 profiles 

(Fig. 4) permitted to observe an almost complete overlapping, in the range from 49º 2 to 

53º 2 of traces corresponding to both sound and caries-affected dentin, involving the 213, 

321, 410 and 404 peaks. The rest of the reflections attained relatively greater intensities in 

caries-affected dentin than in sound dentin, as shown in Table 2. The analysis of µXRD2 

profiles comply with the depth profile 2-D µXRD2 scan frames of sound dentin (Fig. 4, inset 

a) and caries-affected dentin (Fig. 4, inset b) which showed continuous Debye-Scherrer rings 

at lower 2 angles (40.00º). The diffraction rings corresponding to 211, 300, 201, 112 and 301 

planes became comparatively overlapped and formed a tighter and intense ring in caries-
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affected dentin than in sound dentin. A broader and less intense ring was created when 312, 

213, 321, 410 and 402 planes overlapped (Fig. 4, inset b) in caries-affected dentin treated with 

Zn-free amalgam restorations. Relevant to µXRD2 analysis performed on dentin samples 

restored with Zn-containing amalgams, overlapping did not occur between 25º 2 to 54º 2 

of traces, and peaks at 100, 101, 200, 111, 322, 313, 304 and 511 performed similar. Caries-

affected dentin attained higher intensities than sound dentin in the rest of the reflections. The 

analysis of µXRD2 profiles merely comply with the depth profile 2-D µXRD2 scan frames of 

sound dentin (Fig. 5, inset a) and caries-affected dentin (Fig. 5, inset b) which showed 

continuous Debye-Scherrer rings at lower 2 angles (40.00º), narrower but more intense than 

the ring seen in specimens treated with Zn-free amalgam restorations. The diffraction analysis 

formed brighter rings in both sound (Fig. 5, inset a) and caries-affected dentin (Fig. 5, inset 

b), indicating quasi similar line broadening of peaks, though 2x102 counts sharper in carious 

dentin than in sound dentin (Fig. 5).  

Crystallite size in calcified tissues has been shown to increase with tissue maturation 

(Hanschin & Stern, 1995; Gawda et al., 2004). The crystallite size derived from Eqs. (1) and 

(2) is regarded as the size of the coherently diffracting domains, i.e., coherent domain size is 

not limited to the grain sizes but may, frequently, include imperfections (stacking faults, 

twins, dislocations arrays, or small-angle boundaries) (Zhang et al., 2003). The stacking or 

twin faults can introduce additional broadening and peak shifting (Wagner, 1966). A 

qualitative estimation of the size of the coherently scattering domain (i.e. the crystallite size) 

is reported in Table 2. τ002 (H) is related to the mean crystallite size along the c-axis, whereas 

τ310 (L) refers to the mean crystallite size along a direction perpendicular to it (Bigi et al., 

2004). Variability of the crystallites size through the length according to the type of restored 

dentin may be observed in Table 2. Caries-affected dentin ultimately showed the shortest 

mineral crystallites (11.04 nm), i.e., the lesser needle shaped (decreased in average length) 
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when Zn-containing amalgams were used for restorations. On the other hand, sound dentin 

restored with Zn-free restorations exhibited a substantial increase in length of grain particles 

(12.44 nm) embedded into dentin crystallites (Table 2). This relative expansion of the lattice 

parameter could be a result of the practically negligible presence of Mg2+ at the EDX analysis 

(Fig. 6, Ep1/Ep2), with its incorporation within the lattice structure causing a shortening (Fig. 

8, Ep7) (Hanschin & Stern, 1995). Therefore, taking into account the present results, it is 

possible to i) clearly associate both lower crystallinity and contraction along the direction 

orthogonal to the c-axis in caries-affected surfaces when Zn-containing amalgam restorations 

were used, and ii), to partially assume that the observed decreasing degree of thickness of 

crystallites, in caries-affected dentin restored with Zn-containing amalgams (6.26 nm), fits 

with a decrease in mineralization and maturity, as well as increase in nanoroughness (Fig. 10); 

all these may explicitly be related to a decrease in mechanical properties (Xue et al., 2013). 

However, this hypothesis requires further research.  

After τ310 (L) analysis it was demonstrated a reduction in thickness (~1.75 fold) of 

crystallites assessed in caries-affected dentin below Zn-containing amalgams when samples 

were compared with the untreated group (Table 2). Therefore, those crystallites ultimately 

became less platy (decreased in average width). This lack of maturation procedure 

corresponded with broadening of peaks (~1.76) fold, with FWHM increasing up to 1.740. 

Additionally, the contraction of the lattice parameters might also be related to the 

incorporation of carbonate as substituent for PO4
-3 in the apatite lattice (Hanschin & Stern, 

1995). It has been previously reported that the incorporation of carbonate, expressed as 

augmentation of both i) relative mineral concentration between mineral/phenyl and ii) 

gradient in mineral content (carbonate/phosphate), weakens the crystallynity (Toledano et al., 

2015a). Apart from that, the H/L ratio is slightly greater for the group of caries-affected 

dentin restored with Zn-containing amalgams (1.76) if compared to carious dentin treated 
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with Zn-free amalgam restorations (Table 2). This suggests a stronger interaction of Zn-

containing amalgam with the HAp structure of the carious tissue (Bigi et al., 2004). 

Nevertheless, crystallite thickness as determined by Scherrer equation has shown comparable 

width data (6.1 nm in sound dentin, control group) with those obtained by Kinney et al. 

(2001) who reported ~5.0 nm thickness. It is important to remark that the slight variation in 

crystalline thickness was referred to both reflections (002) and (310). It has been argued that 

crystal growth is constrained in one axis, where concretely the thickness would be limited to 

the width of the 67-nm gap zone in the collagen fibril. This gap zone is precisely primary site 

for apatite crystal nucleation and growth (Kinney et al., 2001).   

The ultraestructural observations confirmed that the grain size, expressed throughout 

the Scherrer-Wilson equation, of dentin crystals became smaller (~1.08 fold) in caries-

affected dentin restored with Zn-containing amalgams (9.34 nm) than in sound dentin of the 

untreated group (10.05 nm) (Table 2), at (002) reflections. At (310) reflections this decrease 

was ~1.21 fold bigger. Grain size and lattice microstrain accordingly can be determined by 

measuring the deviation of line profile from perfect crystal diffraction (Zhang et al., 2003). 

The diffraction lines can be considered as the convolutions of two hypothetical functions that 

depend on the two factors: the crystalline form and size, and the microstrain of the lattice. The 

crystallites are essentially the regions in the specimen diffracting X-rays coherently and 

independently, whereas the strain is due to different displacement of the atoms with respect to 

their reference position in a perfect lattice. Size broadening is independent from the order of 

the reflection, whereas strain broadening is precisely order-dependent (Bigi et al., 2004). 

Microstrain was measured as the change in d-spacing of a strained sample compared 

to the unstrained state of a perfect or standard crystal (Hanschin & Stern, 1995), and 

calculated from (002) and (310) was tensile for all crystallites, in dentin. The lattice strain 

within the long dimension (002 reflection) of the dentin crystals, in caries-affected dentin 
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restored with Zn-containing amalgam, increased ~1.16 fold, respect to the control group, but 

decreased ~1.32 fold respect to sound dentin restored with Zn-containing amalgam (Table 2). 

As a result, most strain was concentrated in restored sound dentin when Zn-containing 

amalgams were used for restoration (5.0 x 10-6) (Table 2). These increased strain values were 

primarily responsible for the broadening of diffraction peaks (0.820) even in the presence of 

the lowest grain size (8.11 nm) (Bigi et al., 2004). At (310) reflections, the greater microstrain 

(10.9 x 10-6) and the lowest grain (5.96 nm) and crystallite size (6.27 nm) were likewise 

achieved at sound dentin, within the group of samples restored with Zn-containing amalgams 

(Table 2). The different mean crystallite sizes obtained are ultimately due to the contribution 

of the strain to the broadening of the diffraction peaks (Bigi et al., 2004). In addition to this, a 

peak broadening may be a result of a significant organic fraction in dentin (Gawda et al., 

2004), characteristic of caries-affected dentin substratum (Marshall et al., 1997). Nano-sized 

crystallites normally show high surface energy, which increases with the reduction of the size 

of the crystallites and therefore results in the presence of uniform and nonuniform strain in the 

particles (Xue et al., 2013). An important role of dentin is transferring mastication and other 

types of stresses through the buccal and lingual sides of enamel into coronal dentin through 

mid-way between the cusp tip and the cervical margin onto root dentin (Goel et al.,1991; Xue 

et al., 2013). The stress distribution on the surface of dentin cause cracks (Fujisaki et al., 

2012). It is speculated that the present combination of crystallographic properties might favor 

crack propagation and deformation (Xue et al., 2013). The discrepant viscoelastic properties 

obtained between peritubular and intertubular dentin in caries-affected substrata restored with 

Zn-containing amalgam indicate the clear augmentation of the stress concentration within the 

peritubular cuff. This stress may initiate or exacerbate failures which might dissipate through 

cracking the dentin substrate altering the transfer of energy, with implications for dentin 

remineralization and remodeling (Toledano et al., 2015c). At tubular structures, energy 
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dissipation occurs via deformation in axial and radial directions (Agrawal et al., 2013), as 

validated from FESEM images (Fig. 8). It has been stated that tubular system suppress failure 

through crack-bridging and frictional pullout (Agrawal et al., 2013), nucleating minerals at 

micro and nano-scale damaged zones. Those mineral formations maintained anchored directly 

or indirectly (crack-bridging) the intratubular deposits of minerals to the peritubular dentin 

(Figs. 8, 9f), and represents a lack of hermetic sealing favoring future micropermeability. 

Those failures can correlate with the crystalline texture. 

Texture is the distribution of crystallographic orientation of a polycrystalline sample. 

It is related to changes in microstructure, showing a great influence on materials properties, as 

cracking resistance (Liss et al., 2003). Texture indices (Rhkl) in dentin polycrystalline 

structures were calculated according to Eq. (3). For R≈1, the grains were considered randomly 

oriented (Xue et al., 2013). This criterion was only followed by the group of caries-affected 

dentin restored with Zn-free amalgams (Table 2), at the 002 plane; thereby, this group did not 

show almost any distinct texture (Liss et al., 2003). R values grater or lower than 1.0 indicate 

the presence of preferred grain orientation or texture (Low, 2004). The degree is dependent on 

the percentage of crystals having the preferred orientation (Liss et al., 2003). A R rising was 

obtained by the carious dentin restored with Zn-containing amalgams. Texture indices 

corresponding to the reflections (002) were greater than 1 (1.164) (Table 2). That indicates 

indicates the preferred orientation of the crystallites in the crystallographic direction, at these 

planes (Low, 2004; Xue et al., 2013). They also exhibited a perpendicular alignment to the 

occlusal surface, as R values are greater than 1.0 (Low, 2004). On the contrary, at the 

reflections (310) all assessments resulted lower than 1.0 (R<1), but all groups showed less 

variation than at (002) reflection, i.e., less nanodegradation for the later (Low, 2004).  Only 

caries-affected dentin restored with Zn-containing amalgams showed the texture nearest 

(0.607) to the randomly orientation (Table 2). As R values are less than 1.0, crystallites are 
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aligned parallel to the occlusal surface (Low, 2004). In addition, the scarce variation of R 

values within this reflection mode (310) suggest the existence of a modest gradation in texture 

at the nanometer scale within the complex dentin microstructure, indicating poor three-

dimensional interlocking HAp structure to withstand strength and provide both hardness and 

stress-bearing capability (Low, 2004). Thus, any fracture or strong discontinuity in the 

mechanical properties at the microscopic level of the restoration, restorative interface of 

dental substrate would definitely have consequences in the overall function that takes place at 

the macroscopic level (centimeter length scale). The dependence of crystallite sizes on 

crystallographic orientation may arise from the fact that crystallites of the bulk may not be 

completely random oriented; as a result, the dimension variation in the crystallographic 

orientation may imply that the grains are not quite equiaxed; furthermore, the presence of 

texture may have contributed to the larger difference of the grain sizes among the two 

reflections (Zhang et al., 2003). Therefore, from the results described above, it appears that 

the degree of crystal disorder in HAp may be related to its crystal size. For this reason, future 

complementary TEM studies are required to exactly determine encountered variations in 

crystallographic orientation. It is further proposed (Low, 2004) that the degree of 

hydroxylation or the incorporation of OH- within the HAp decreases as the crystal size 

decreases. A lack of OH- in nanocrystalline HAp is believed to cause crystal disorder. OH- 

ions are more readily incorporated into apatites with a large crystal lattice which induces the 

polar nature of the HAp. Polarity is crucial for the high degree of alignment of crystallites. 

This lack of both OH- and polarity is believed to result in their random alignment and thus a 

high degree of crystal disorder. It appears that nature imposes a specific state of crystal 

disorder by varying the concentration of OH- to enhance the ability of biological apatites to 

carry out their tissue-specific functions (Pasteris et al., 2004). 
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SUMMARY 

These are, to the best of our knowledge, the only available results from 

remineralization experiments through XRD2 analysis on partially mineral-depleted 

substratum in caries-affected dentin surfaces restored with Zn-free vs -containing amalgams. 

To sum up, these outcomes permit to assume that when caries-affected dentin surfaces were 

analyzed through µXRD2 after Zn-containing removal restorations, the provoqued broadening 

and the decreased crystallinity that were attained resulted associated to, i) a reduced crystallite 

size in length and width, ii) increased microstrain, texture (Table 2) and nanoroughness (Fig. 

10), and as result to a more amorphous dentin substrate, when compared with the untreated 

group. As a result, the null hypothesis which reads that there are no differences in physical 

and morphological characteristics of sound and caries-affected substrata after removal of Zn-

free vs containing amalgam restorations, should be rejected. It is important to emphasize that 

amorphous Ca/P provides a local ion-rich environment which is considered favorable for in 

situ generation of prenucleation clusters, succeeding further dentin remineralization (Liu et 

al., 2011). A diagrammatic model, summarizing the main outcomes that were obtained is 

included in the Figure 11. On the contrary, if crystalline calcium phosphates are formed, they 

will have long degradation times, requiring months or even years to provide ions to the 

remineralizing media (Rezwan et al., 2006).  The biodegradability of these new mineral 

formations explicitly depends on many parameters such as crystallinity, porosity, chemical 

purity, surface roughness, pH in the media, and other solubilized ions present in the biological 

fluid at the oral environment (Hoppe et al., 2011; Cochrane et al., 2010). Therefore, to 

correlate our present technique with complementary chemical tests is recommended for future 

strategies of research. Further work is also required to determine the mechanism by which 

thermal cycling prevents mechanical and thermal induced changes in dentin mineralization 

and dentin strength. Finally, Warren-Averbach’s approach by using the WinFit program 
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should be considered in future research, in order to enable separation of the contributions of 

the crystallite sizes from strain, although it considers each diffraction peak separately and it 

does not take into account the crystallite shape. 
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Legend of Figures 

Figure 1. Schematic illustration of the specimen preparation and amalgam restoration, 

with an image of a restored disc. 

Figure 2: Schematic illustration of the specimen preparation for XRD analysis, after the 

amalgam removal. 

Figure 3.  Example of the plot of 
2

2tan




as a function of 
tan sin

K
 

for a line 

broadening. As observed, the experimental points are distributed along a straight line. 

Figure 4. Refined µXRD2 profiles of sound and caries-affected dentin after removal of 

Zn-free amalgam restorations. The corresponding Debye-Scherrer rings are shown in 

inset a (sound dentin/SD) and b (caries-affected dentin/CAD). Vertical bars represent 

HAp peaks. 

Figure 5. Refined µXRD2 profiles of sound and caries-affected dentin after removal of 

Zn-containing amalgam restorations. The corresponding Debye-Scherrer rings are 

shown in inset a (sound dentin/SD) and b (caries-affected dentin/CAD). Vertical bars 

represent HAp peaks. 

Figure 6. (a): FESEM image and EDX spectrum of sound dentin after removal of Zn-

free amalgam restoration. Peritubular (PD) and intertubular (ID) dentin were strongly 

mineralized. A consistent mineral plug was observed occluding most of the dentinal 

tubules, and covering the peritubular dentin (asterisk). Some tubules appeared mineral 

free with a clear ring of peritubular dentin (arrow). Ep1 is an EDX spectrum at 

intertubular dentin indicating presence of phosphorous (P), calcium (Ca) and 

magnesium (Mg). (b): FESEM image and EDX spectrum of thermocycled sound dentin 

after removal of Zn-free amalgam restoration. Peritubular (PD) and intertubular (ID) 

dentin appeared clearly mineralized. Plate-like crystals formed the surface of 
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intertubular dentin. A robust and rougher peritubular dentin wall was observed 

(pointer). A mineral flat perforated plug occluded the bottom of the lumen of the tubule 

(arrow). Ep2 is an EDX spectrum, corresponding to peritubular dentin location, 

indicating presence of phosphate (P), calcium (Ca) and magnesium (Mg), among the 

principal components. 

Figure 7. (a): FESEM image and EDX spectrum of caries-affected dentin after removal 

of Zn-free amalgam restoration. The typical character as a rhomboid-shape crystals, 

Whitlockite crystals (arrow), and a mineral plug (pointer) are occupying the lumen of 

the tubule. A strong collar of peritubular dentin may be shown (PD). Ep3 is an EDX 

spectrum, corresponding to intratubular dentin location, indicating presence of 

phosphate (P), calcium (Ca) and magnesium (Mg), among the principal components. 

(b): FESEM image and EDX spectrum of thermocycled caries-affected dentin after 

removal of Zn-free amalgam restoration. Irregular (pointer), larger (asterisk) or plate-

like mineral (arrow) of Whitlockite crystals are located within the tubule. These 

Whitlockite crystals are occluding the dentinal tubule. A mineral platform is covering 

the rest of the dentin surface, though a portion of peritubular dentin may still be 

observed (PD). Ep4 is an EDX spectrum, corresponding to peritubular dentin location, 

indicating presence of phosphate (P), calcium (Ca) and magnesium (Mg), among the 

principal components. (c): FESEM image and EDX spectrum of thermocycled caries-

affected dentin after removal of Zn-free amalgam restoration. A relevant peritubular 

ring is partially occluding the dentinal tubule. Granular (pointer), incomplete rhomboid-

shape (asterisk) or plate-like mineral (double arrow) of Whitlockite crystals are located 

within the tubule and partially covered by the mineral platform. Some fibers appeared 

longitudinally mineralized, and the typical staggered pattern of collagen, due to the 

characteristic D- periodicity (67 nm), was visible at bigger magnifications (arrows).  
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Figure 8. FESEM image and EDX spectrum of caries-affected dentin after removal of 

Zn-containing amalgam restoration. Peritubular (PD) and intertubular dentin (ID) are 

clearly differentiated. Intratubular dentin appeared totally mineralized. Complete (single 

arrow) or partial (double arrow) mineral plugs were discernible. Coralline microtubular-

shaped formations were also observed occupying the lumen of tubules (pointers). Some 

rod-like new mineral formations were observed surrounding the intratubular crystals. 

These mineral beams maintained directly (empty arrow) or indirectly (double empty 

arrows) anchored the intratubular deposits of mineral to the peritubular dentin. 

Mineralized clusters also appeared covering, partially, the peritubular dentin (faced 

arrows). A single layer of minerals covered the intertubular dentin and some extension 

of the peritubular dentin (asterisks). These crystal formations did not permit to see the 

subjacent collagen fibers. Ep6 and Ep7 are two EDX spectra, corresponding to 

intratubular and peritubular dentin locations, indicating presence of phosphate (P), 

calcium (Ca), magnesium (Mg), tin (Sn) and zinc (Zn), among the principal 

components.  

Figure 9. AFM images of untreated sound (a) and caries-affected (b) dentin. Both 

images show a 15 x 15 m surface plot image of the dentin surface. Peritubular dentin is 

present (arrows) or absent (pointers). Partially demineralized collagen fibrils (asterisk), 

and extended mineral-depleted areas (double arrow) are reflected. Sound (c) and caries-

affected (d) dentin after Zn-free amalgam removal, and thermocycling. Both images 

show a 15 x 15 m surface plot image of the dentin surface. Mineral tubular occlusion 

(arrow), and rod-like new minerals or “stick-slip” formations (pointers) were unveiled. 

Mineralized tubules appeared at the dentin surface (asterisk), and strong peritubular 

rings were formed at the entrance of some tubules (double arrows). Sound (e) and 

caries-affected (f) dentin after Zn-containing amalgam removal, and thermocycling. 
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Both images show a 15 x 15 m surface plot image of the dentin surface. Multiple 

“stick-slip” formations (pointers) appeared covering a large extension of the intertubular 

dentin, and some extent of the peritubular dentin. Robust collars of mineralized dentin 

crowned the entrance of tubules. Some of these tubules figured completely occluded 

(arrow).  A large platform of intertubular dentin (asterisks) protruded over the absent 

peritubular dentin, when this "turbid zone" of the carious dentin was analyzed. Some 

intratubular deposits partially occluded the lumen of tubules (double arrows).  

Figure 10. Mean and standard deviation of nanoroughness SRa (nm) measured on 

sound and caries-affected dentin surfaces, after removal of Zn-free or Zn-containing 

amalgam restorations. Identical letters (lower case for sound dentin and capital for 

caries-affected dentin) indicate no significant differences after Student–Newman–Keuls 

test (p > 0.05). * indicates significant differences between sound dentin and caries-

affected dentin, within the same amalgam group. Abbreviations: SD: sound dentin, 

CAD: caries-affected dentin.  

Figure 11: Diagrammatic model showing a scheme of the most remarkable results and 

conclusions. 
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Table 1. Composition of amalgams used in the present study. 
 

 
 
* Dentsply Detrey GmbH Konstanz, Germany.

AMALGAM 
COMPOSITION 

Alloy powder Weight % 

Megalloy EZ®* 

(Zn-free) 

Silver 56.7 % 

Tin 28.6 % 

Copper 14.7% 

The recommended alloy to mercury ratio by mass is approximately 1.3:1 

Dispersalloy®* 

(Zn-containing) 

Silver 69 % 

Tin 18 % 

Copper 12 % 

Zinc 1 % 

The recommended alloy to mercury ratio by mass is approximately 1:1 
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Table 2: Whole X-ray microdiffraction (XRD) pattern analysis approach of sound (SD) and caries-affected dentin (CAD). 

 

Amalgam 

treatment 

Dentin 

area 

002 plane 310 plane 

H/L 

FWHM H: 

Scherrer 

equation 

(nm) (τ) 

Scherrer-

Wilson 

equation 

(nm) 

Microstrain 

% 

Rhkl 

 

FWHM L: 

Scherrer 

equation 

(nm) (τ) 

Scherrer-

Wilson 

equation 

(nm) 

Microstrain 

% 

Rhkl 

 

Untreated 
SD 0.758 12.16 7.40 7.9x10-6 0.639 1.777 6.10 6.44 9.3x10-6 0.358 1.99 

CAD 0.605 15.25 10.05 4.3x10-6 0.741 0.986 11.00 8.06 5.9x10-6 0.536 1.39 

Zn-Free 
SD 0.783 11.80 10.17 4.2x10-6 0.822 1.470 7.36 5.38 13.2x10-6 0.523 1.60 

CAD 0.742 12.44 9.38 4.9x10-6 0.969 1.504 7.17 7.46 6.9x10-6 0.571 1.74 

Zn-

Containing 

SD 0.820 11.25 8.11 6.6x10-6 1.140 1.739 6.27 5.96 10.9x10-6 0.593 1.79 

CAD 0.836 11.04 9.34 5.0x10-6 1.164 1.740 6.26 6.65 8.6x10-6 0.607 1.76 
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FIGURE 1 
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FIGURE 2 

 

 

 

FIGURE 3 

 



38 

 

FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 

 

FIGURE 8 
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FIGURE 9 a,b 
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FIGURE 9 c,d 
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FIGURE 9 e,f 
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FIGURE 10 
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FIGURE 11 
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