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Abstract:



A family of TiC–stainless steel ceramic–metal composites, or cermets, has been developed in the present study, using steel grades of 304 L, 316 L, or 410 L as the binder phase. Melt infiltration was used to prepare the cermets, with the steel binder contents varying between 10–30 vol. %. The corrosion behaviour was evaluated using a range of electrochemical techniques in an aqueous solution containing 3.5 wt. % NaCl. The test methods included potentiodynamic, cyclic, and potentiostatic polarisation. The corroded samples were subsequently characterised using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS), while the post-corrosion solutions were analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES) to determine the residual ionic and particulate material removed from the cermets during electrochemical testing. It was demonstrated that the corrosion resistance was enhanced through decreasing the steel binder content, which arises due to the preferential dissolution of the binder phase, while the TiC ceramic remains largely unaffected. Increasing corrosion resistance was observed in the sequence TiC-304 L > TiC-316 L > TiC-410 L.
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1. Introduction


Titanium carbide (TiC)-based ceramic-metal composites, or cermets, have become more widely used in demanding wear applications due to their improved capabilities when compared with more traditional “hardmetals” based on tungsten carbide with a cobalt binder (WC-Co) [1]. TiC-based cermets have several properties that typically exceed those of WC, such as increased hardness and toughness, as well as a lower mass; the density of WC is approximately three times that of TiC [2]. Therefore, these characteristics offer the potential for TiC-based cermets to replace WC-Co in a variety of industrial applications. For example, it has been shown that TiC-based cermets can exhibit sliding wear resistance comparable to or even exceeding that of WC-Co [3,4,5].



In terms of cermet corrosion behaviour, it is invariably noted that the incorporation of a metallic binder with the ceramic matrix phase degrades the performance [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. In this instance, the binder metallic phase has been noted to affect corrosion through its selective dissolution, while the ceramic phase remains relatively immune. Monticelli et al. reported a loss in corrosion resistance through the incorporation of Co binder into WC for thermal spray coatings [18]. By comparing the corrosion performance of “pure” WC and WC prepared with 5 wt. % Co, the corrosion resistance of the WC-Co materials decreased, which was attributed to the preferential dissolution of the Co binder in the composite. Other authors have also reported evidence of dissolution of the Co binder [7,10], and it was confirmed that the loss of the metal binder governs the corrosion behaviour of WC-Co cermets, although it is also dependent upon the applied potential. The corrosion resistance of WC-Co also decreases with an increase in Co binder content, as noted by Sutthiruangwong et al. [8], who also showed an improvement in the corrosion resistance of cermets with a higher dissolved WC content in the Co binder.



Cermets are often used in coating form to reduce the wear and, potentially, the corrosion of metallic components. These coatings typically consist of WC or chromium carbide (Cr3C2) particles embedded in a metal binder, which can be a pure metal or an alloy, for example consisting of a mixture of Ni, Cr, and/or Co [21]. As many coatings have complex compositions, and multiple components, the possibility of microgalvanic corrosion activity between the different constituents can arise, which is likely to undermine the surface integrity of the coating [21]. As an example, the presence of carbides in a metallic binder typically improves wear resistance, but at the same time may establish a microcorrosion cell at the carbide–metal interface. This can arise as the carbide is likely to be more cathodic in character with respect to the surrounding metallic matrix, leading to the possibility of a preferential anodic dissolution of the metallic matrix close to, or at, the matrix–carbide interface. Consequently, carbide removal from the surface can be accelerated due to loss of the retaining metallic binder; hence, there is a reduction of the wear-resistant properties [22]. Such behaviour has been reported for the corrosion-wear response of high-velocity oxy-fuel (HVOF) sprayed WC cermets coatings, with metallic binders of Co, Co-Cr, CrC-Ni, and Ni, when tested in a strong acidic environments [23]. Considerable microgalvanic corrosion was observed to occur between the WC particles and the binder, along with general corrosion within the binder material [23]. The addition of Cr to the metallic binder increased the corrosion resistance, and resulted in the formation of a passive film that suppressed binder dissolution. Perry et al. also studied the corrosion behaviour of WC-Co and WC-CoCr coatings [24], and reported the general corrosion of the Co binder in the WC-Co coatings, while in the WC-CoCr coatings, the corrosion mechanism was of a more localised nature, attacking the interface between the carbide and metal phases.



To date, a majority of cermet corrosion studies have focused on WC-Co-based materials. However, there is a need to develop improved cermets that have better combined wear and corrosion resistance properties for use in a broad variety of environments. As a consequence, the objective of the present work is to investigate the corrosion behaviour of a new family of TiC-stainless steel cermets in an aqueous environment (in this example, using an electrolyte containing NaCl), through the application of selected electrochemical measurements, in combination with microstructural and compositional analysis. For the present work, melt infiltration has been used for materials densification, as this technique has a number of potential advantages. Firstly, for initial cermet development and characterisation, melt infiltration negates the need for fine metal binder powders, which may not be commercially available. Secondly, melt infiltration often results in higher densification than conventional liquid phase sintering. The technique itself is widely used in a commercial environment for silicon carbide (SiC)-based ceramics and composites [25]. More recently, it has been demonstrated that TiC-based cermets can be fabricated by additive manufacturing. In that process, a TiC preform is first formed into a complex shape by binder jetting. Then, a metallic binder matrix (i.e., a steel grade) is incorporated through melt infiltration [26]. Examples of these new TiC–stainless steel materials have been shown to exhibit wear resistance comparable to WC-Co, and approximately four orders of magnitude better than the steel matrix alone [5]. Stainless steel grades of 304 L, 316 L, and 410 L have been used as the binder phase in the present study, with contents varied from 10 vol. % to 30 vol. %. Processing has been controlled to ensure a nominally constant mean grain size for the TiC phase in each of the cermets. To further elucidate the behaviour of these materials, their corrosion response has also been compared to the equivalent stainless steel grades.




2. Experimental Procedure


2.1. Sample Preparation and Characterisation


All of the TiC-based samples were prepared using as-received TiC powder (Grade TiC-2012; Pacific Particulate Materials, Vancouver, BC, Canada), with a mean particle size of ~1.25 µm [27]; this powder exhibits a small amount of W contamination generated during fabrication. Three stainless steel powders (Alfa Aesar, Ward Hill, MA, USA) were used, each with a quoted supplier particle size of less than 100 mesh: austenitic grades 304 L (Lot #K19M09) and 316 L (Lot #A04S008), and the martensitic grade 410 L (Lot #123M43). The nominal composition of each grade of steel used in the present work is provided in Table 1 [28], while actual compositions for the specific steel and TiC powders used in the present study were reported in a prior publication [29]. TiC preforms were prepared by uniaxial pressing (at ~65 MPa) to produce samples ~31.75 mm in diameter x ~4 mm thick, which were further compacted by cold isostatic pressing at ~220 MPa. The TiC pellets were placed onto a layer of bubble alumina within an alumina crucible, and an appropriate amount of steel powder was then placed on top of the preform to give steel contents from 10 vol. % to 30 vol. %, following a process previously developed for TiC-Ni3Al cermets [30].


Table 1. Nominal manufacturer quoted compositions for the steel grades used in the present work; note that Fe comprises the balance in each case.





	
Type

	
Nominal Steel Composition (Max. wt. %)

	
Density




	
Cr

	
Ni

	
C

	
Mn

	
Si

	
P

	
S

	
N

	
Mo

	
(g/cm3)






	
304-L

	
18–20

	
8–12

	
0.03

	
2

	
1

	
0.045

	
0.03

	
0.1

	
-

	
8.03




	
316-L

	
16–18

	
10–14

	
0.03

	
2

	
1

	
0.045

	
0.03

	
0.1

	
2–3

	
8.03




	
410-L

	
11–13.5

	
0.75

	
0.03

	
1

	
1

	
0.04

	
0.03

	
-

	
0.75–1.25

	
7.75










Melt infiltration was conducted at 1500 °C (for 304 L and 316 L containing samples) and 1550 °C (for the 410 L samples) under a dynamic vacuum (better than 20 milliTorr). A graphite resistance furnace (Materials Research Furnaces, Suncook, NH, USA) was used, with heating and cooling rates of 10 °C/min and 25 °C/min, respectively. The sintering temperature was held for a period of 60 min in each case. These conditions were selected to provide a nominally equivalent grain size for each of the TiC-stainless steel cermet systems, so that potential interfacial area effects, relating to differing grain sizes, could be minimised.



Cermet densities were determined using Archimedes immersion in water. For microstructural examination and corrosion testing, the densified cermet samples were initially ground flat using a coarse, 149-µm (100 mesh) peripheral diamond wheel (Saint-Gobain Abrasives, Worcester, MA, USA). They were then ground and polished using successively finer grades of diamond, starting with 125-µm resin-bonded pads and finishing with 0.25-µm paste. Characterisation was then performed using scanning electron microscopy (SEM; Model S-4700 Hitachi High Technologies, Tokyo, Japan), with associated energy dispersive X-ray spectroscopy (EDS; Model X-Max/Inca, Oxford Instruments, Concord, MA, USA).



TiC grain size measurements were made using the linear intercept method on digital SEM images [31] to determine the mean grain intercept dimension, dc, with a minimum of 300 grains measured for each sample. In addition, two further microstructural parameters were determined for each of the cermets. The contiguity is a measure of the ratio of carbide–carbide to carbide–binder interfaces that are intercepted per unit line length, and are determined using the following relationship [32]:


[image: ]



(1)




where Nc/c and Nc/b are the number of carbide–carbide (i.e., TiC–TiC) and carbide–binder (i.e., TiC–steel) interfaces, respectively. The mean free path of the steel binder, db, is effectively a measure of the metallic ligament dimensions between individual carbide grains. The mean free path is given by [32]:


[image: ]



(2)




where Vb and Vc are the volume fractions of the binder and carbide phases, respectively (for the present case, it is assumed that Vb + Vc = 1).




2.2. Electrochemical Testing


The corrosion response of the TiC–stainless steel cermets was assessed in an aqueous solution, containing 3.5 wt. % NaCl, at room temperature (nominally 23 °C). A standard three-electrode, flat cell configuration was employed, with the cermet sample acting as the working electrode (the exposed surface test area was 1 cm2). A platinum mesh was employed as the counter electrode, with a saturated calomel electrode (SCE; 0.241 V versus a standard hydrogen electrode) as the reference. All of the potential measurements will consequently be referred to the reference electrode. To compare the corrosion behaviour of the cermets, 304 L, 316 L, and 410 L stainless steel specimens were used as reference materials; the steel grades were sourced commercially from McMaster-Carr (Aurora, OH, USA).



Prior to potentiodynamic polarisation measurements, the samples were immersed for a minimum of 120 min to ensure steady-state conditions and evaluate the open circuit potential (OCP). For the actual potentiodynamic polarisation experiments, the potential was scanned at a rate of 0.1667 mVs−1 (EG&G Princeton Applied Research Potentiostat/Galvanostat Model 273, Princeton Applied Research, Oak Ridge, TN, USA). The corrosion current densities (icorr) and corrosion potentials (Ecorr) were estimated by using instantaneous Tafel-type fit corrosion analysis software (CorrView Version 2.8, Scribner Associates Inc., Southern Pines, SC, USA). This software utilises the Levenberg–Marquardt method [33], which is based on applying an iterative, non-linear, least squares fit algorithm for the potentiodynamic polarisation data within ±250 mV of the open circuit potential (OCP). This approach involves the simulation of a Tafel curve, by fitting four parameters of the Tafel equation (namely, icorr, Ecorr and the anodic and cathodic Tafel slopes, βa and βc, respectively), and the subsequent refinement of those parameters to minimise the sum of the differences in the current values for the real and simulated curves. The values for Ecorr, which were determined from the Tafel fits for the cermets, consistently corresponded to the measured OCP values within one standard deviation error, although some slight deviation was noted for the pure steels. To further confirm the accuracy of this approach, manual fits of the anodic and cathodic Tafel slopes were performed for selected tests within the CorrView software. In these instances, the maximum deviation between automatic and manual Tafel fits was less than 4%. The critical current density, icrit (i.e., the current measured at the peak of the active region) and pseudo-passive current density ipass (i.e., the minimum current in the pseudo-passive region) were also determined from the potentiodynamic polarisation tests. Based upon the measured mean icorr value for each composition, the related Tafel-derived corrosion rate (in mm/year) was then calculated following ASTM standard G102-89 [34].



For cyclic polarisation testing, scans were initiated from the open circuit potential (OCP) to the point where a significant current increase was observed in the anodic (positive) direction. As the scan reached a user-programmed threshold current value and/or offset potential, it was reversed, and the sample was then scanned in the cathodic (negative) direction. The scan rate was 0.1667 mVs−1 for both forward and reverse directions. Cyclic potentiodynamic testing allows determination of both the pitting and protection potentials, Epit and Eprot, respectively. In this instance, the value for Epit was determined from the point where a sudden increase in current was experienced during the forward scan, while the value for Eprot was determined from the intersection point of the reverse scan on the forward scan. Multiple repeats were typically conducted for both potentiodynamic and cyclic polarisation tests.



Microstructural evaluation of the corroded surfaces was carried out using SEM and EDS. To determine the concentrations of various elemental species released from the cermets during testing, the solutions remaining after the electrochemical tests were examined using inductively coupled plasma optical emission spectroscopy (ICP-OES; Varian Vista Pro (Radial View), Varian Inc., Mulgrave, Australia) [35,36,37]. The post-test solutions were filtered using a Millipore vacuum filtration system (with a 1.0-µm pore size), to separate any fine particulate material released from the corroding surfaces, which could then be analysed independently from any dissolved elemental species. The remaining solution was directly analysed using ICP-OES. For the filtered particulate material, the recovered residue was dried at 105 °C, and then weighed. It was then dissolved in a sequence of acids (HF, HNO3, HClO4) within Teflon beakers, and then dried again. The dried residue was then brought back into solution with HCl, made up to 100 mL in volumetric flasks, and subjected to ICP-OES analysis.





3. Results and Discussion


3.1. Microstructural Development


All of the samples were densified in excess of 99% of theoretical (based on a simple rule-of-mixtures for the starting constituent densities). Representative SEM images of the microstructures of the TiC–stainless steel cermets are shown in Figure 1, confirming the high degree of densification that was achieved for each compositional variant. The mean grain size was consistent for each composition at ~6 μm (Figure 2a). The carbide–carbide contiguity is observed to decrease in a steady manner with increasing binder content (Figure 2b), while the binder mean free path increases with the binder content (Figure 2c). These microstructural observations regarding contiguity and binder mean free path are generally consistent with prior studies of TiC-Ni3Al cermets [30]. It is clear from Figure 2 that the microstructural interrelationships are relatively complex. For example, at low binder contents, there is a significant increase in the amount of carbide–carbide contact (as the contiguity rises by a factor of ~3). As a consequence, the TiC phase is far more “continuous” for low steel contents (with more “isolated” steel regions), and becomes more isolated in a continuous steel phase for high steel contents; this is clearly apparent when comparing Figure 1a,d.


Figure 1. Representative SEM images of TiC–stainless steel cermets prepared with: (a) TiC-10 vol. % 304 L; (b) TiC-20 vol. % 316 L; (c) TiC-20 vol. % 410 L; and (d) TiC-30 vol. % 410 L.
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Figure 2. The effects of binder composition and content on (a) grain size; (b) contiguity; and (c) the binder mean free path assessed for the TiC–stainless steel cermets.
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3.2. Electrochemical Measurements


The relative OCP values determined for each of the cermet and single metallic phase compositions are presented in Table 2. The OCP values for the metallic phase steels are less negative (i.e., more noble) than the corresponding cermets, which indicates better surface passivation and protection behaviour and, consequently, corrosion resistance [38]. The OCP values for the cermets generally become more negative with increasing steel binder content, but on occasion show a slight deviation from this trend at the highest binder content. This is particularly apparent for TiC-316 L, where the mean OCP value for samples with 30 vol. % binder is less negative than for 10 vol. % binder samples. The more noble OCP values that were generally observed at the lowest steel binder content for each cermet can be attributed to the formation of a (partially) protective surface layer. This can be anticipated to be an oxide of titanium, and further evidence in support of this is presented in a subsequent section (Post-Corrosion Chemical Analysis). It should be noted that TiC and related ceramics behave in a broadly similar manner to pure Ti, in that they form a TiO2 protective oxide layer [39,40,41].


Table 2. Open circuit potential (OCP) values determined for the cermets as a function of the steel binder content. Each value is the mean of 10 repetitions.





	
Binder Content (vol. %)

	
OCP (V vs. SCE) *




	
TiC-304 L

	
TiC-316 L

	
TiC-410 L






	
10

	
−0.224 (±0.039)

	
−0.241 (±0.058)

	
−0.470 (±0.034)




	
20

	
−0.260 (±0.027)

	
−0.264 (±0.018)

	
−0.526 (±0.018)




	
30

	
−0.278 (±0.031)

	
−0.233 (±0.028)

	
−0.520 (±0.020)




	
Steel only

	
−0.105 (±0.021)

	
−0.123 (±0.040)

	
−0.455 (±0.030)










Typical examples of the potentiodynamic polarisation plots obtained for each of the TiC–stainless steel cermets, as well as the baseline steels, are shown in Figure 3. Table 3 presents the accompanying quantitative data obtained after potentiodynamic polarisation experiments.


Figure 3. Representative potentiodynamic polarisation curves, demonstrating the effects of binder content for each of the TiC–stainless steel cermets, together with comparison of the single phase metallic stainless steels: (a) TiC-304 L; (b) TiC-316 L; (c) TiC-410 L; and (d) the baseline metallic grades of stainless steel.



[image: Metals 08 00398 g003a][image: Metals 08 00398 g003b]





Table 3. Electrochemical results following potentiodynamic polarisation, showing the critical current density, icrit, and the minimum current density in the pseudo-passive region, ipass, for the cermets.





	Sample
	icrit (A/cm2)
	ipass (A/cm2)





	TiC-10 vol. % 410 L
	0.018
	0.010



	TiC-20 vol. % 410 L
	0.030
	0.020



	TiC-30 vol. % 410 L
	0.043
	0.031



	TiC-10 vol. % 316 L
	0.024
	0.013



	TiC-20 vol. % 316 L
	0.045
	0.030



	TiC-30 vol. % 316 L
	0.062
	0.056



	TiC-10 vol. % 304 L
	0.021
	0.015



	TiC-20 vol. % 304 L
	0.044
	0.028



	TiC-30 vol. % 304 L
	0.066
	0.057









The results of the potentiodynamic polarisation have shown that the critical current density, icrit, and “pseudo-passive” current density, ipass, both increase with increasing steel binder content. This response relates to the passivation tendency of the cermets. The low critical anodic current density at the peak of each of the curves indicates that the specimens passivate quickly [42], which indicates that the greater TiC fraction at the lowest binder contents is contributing to the corrosion resistance of the cermets. Similar results have also been reported by Sacks [9], who noted an increase in icrit with an increase in Co content during corrosion studies of WC-Co cermets. Sutthiruangwong and Mori also reported an increase in icrit, icorr, and ipass with decreasing WC content [14], which mirrors the observations presented in Table 4.


Table 4. The Tafel-derived values of icorr and Ecorr determined for the cermets and baseline steels. The presented values are the mean for four repetitions (standard deviation values are shown in parentheses). The values for icorrMA are determined by assuming only the metallic phase component contributes to the exposed corrosion area, following the methodology proposed by Hochstrasser-Kurz [22].





	Sample
	Ecorr (V vs. SCE)
	icorr (µA/cm2)
	icorrMA (µA/cm2)





	TiC-10 vol. % 304 L
	−0.210 (±0.047)
	0.576 (±0.206)
	5.76 (±2.06)



	TiC-20 vol. % 304 L
	−0.288 (±0.023)
	0.922 (±0.033)
	4.61 (±0.165)



	TiC-30 vol. % 304 L
	−0.264 (±0.029)
	1.440 (±0.235)
	4.80 (±0.783)



	304 L stainless steel
	−0.204 (±0.023)
	0.221 (±0.013)
	NA



	TiC-10 vol. % 316 L
	−0.211 (±0.031)
	1.261 (±0.808)
	12.61 (±8.08)



	TiC-20 vol. % 316 L
	−0.266 (±0.028)
	1.522 (±0.230)
	7.61 (±1.15)



	TiC-30 vol. % 316 L
	−0.234 (±0.023)
	3.043 (±0.516)
	10.143 (±1.72)



	316 L stainless steel
	−0.221 (±0.031)
	0.190 (±0.022)
	NA



	TiC-10 vol. % 410 L
	−0.465 (±0.035)
	2.298 (±0.649)
	22.98 (±6.49)



	TiC-20 vol. % 410 L
	−0.499 (±0.001)
	4.483 (±0.163)
	22.415 (±0.815)



	TiC-30 vol. % 410 L
	−0.506 (±0.037)
	5.965 (±0.244)
	19.883 (±8.087)



	410 L stainless steel
	−0.400 (±0.024)
	2.004 (±0.451)
	NA









From both Figure 3 and Table 4, it can be noted that the current responses in the passive region are relatively high to be viewed as a true passive material (i.e., of the order of 10−2 A/cm2) [12]. Generally, for materials exhibiting “pseudo-passivity” at high electrochemical potentials, after reaching a critical current density, there will be a slight drop in current in the passivation region, as apparent in Figure 3. The passive current density measured for each of the cermets is approximately four orders of magnitude higher than for a true passive material (i.e., 10 µA/cm2). The probable reason for the high current observed in the pseudo-passive region is related to the formation of a weak, cracked, and/or porous oxide, thereby allowing the penetration of the electrolyte to the cermet surface [11]. The presence of such an oxide scale, which still inhibits diffusion to a certain extent, leads to a limitation of the current density [12].



To determine the corrosion current density, icorr, and potential, Ecorr, Tafel extrapolations were performed following the potentiodynamic polarisation tests; data obtained from these analyses is presented in Table 4. It is apparent that both icorr and Ecorr for the cermets increase with increasing steel binder content. In comparison, the values of icorr for each of the single phase metallic steels is lower than for the cermets, again indicating better corrosion resistance of the metallic phase by itself.



Based on the results of Tafel extrapolation, it was observed that the corrosion rate increases with binder content for all of the cermets (Figure 4a). It is believed that this response arises from effectively increasing the TiC surface area, at lower binder volume fractions, with the TiC likely being semi-protected by an oxide surface layer [41,43]. These corrosion rate trends determined from the Tafel experiments are in general agreement with the observations of Sacks [9], who studied the corrosion behaviour of WC-Co composites in tannic acid-based electrolytes, and reported an increase in the corrosion rate with increasing Co binder content. It was demonstrated that there was a preferential dissolution of the Co binder, while the WC grains retained their sharp facets, and are effectively not attacked during the corrosion tests [9].


Figure 4. (a) The effects of binder composition and content upon the Tafel-derived corrosion rates for the TiC–stainless steel cermets; (b) Data in (a) replotted in terms of the “modified area” (MA) approach, following the methodology proposed by Hochstrasser-Kurz [22].
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Using a broadly similar Tafel approach, Toma et al. determined aqueous corrosion rates for WC-Co and WC-CoCr, and demonstrated the former to be ~0.76 mm/year, which is lowered to ~0.32 mm/year through the addition of Cr [44]. The best cermet coating systems for corrosion resistance are presently those based on Cr3C2, with a NiCr binder that has been demonstrated to exhibit aqueous corrosion rates as low as 0.008 mm/year [45]. Some caution should be taken when evaluating these different materials, particularly in comparing bulk cermets and coatings, where coating porosity may play a role in degrading the corrosion properties. However, the present materials exhibit generally similar performance, in comparison to the Cr3C2-based cermets, when assessing electrochemically derived (i.e., Tafel) corrosion rates. When contemplating the electrochemical response of the present materials, it is important to consider which components might be playing an active role in corrosion, and which may be inert.



Following the outlined Tafel extrapolation approach provides an apparently clear dependency of corrosion rate as a function of binder content. However, Hochstrasser-Kurz et al. noted that the metallic component in their system, namely WC-Co, was selectively removed, and therefore the effective corroding area should be based on the metallic component only [22]. Taking the same approach in the current work, Figure 4b presents revised corrosion rate data, where only the metallic component is participating; here, it is assumed that the area fraction of the metallic component is equivalent to the volume fraction. In this instance, the corrosion rates are based on revised values for icorr, due to the reduced cross-sectional area undergoing corrosion. These modified area values for icorr, termed icorrMA, were presented previously in Table 4. This “normalisation” approach largely eliminates any obvious dependency of corrosion rate upon the steel binder content, although trends between steel binder compositions are still apparent.



When examining the corrosion mechanism for the present cermets, it can be initially postulated that the electrochemical response is related (at least in part) to a potential galvanic effect between the TiC and steel binder. Given a nominally constant grain size (Figure 2a), as the binder content is reduced, the carbide–carbide contacts increase (Figure 2b). In terms of the microstructure, there is a transition from a nominally continuous TiC framework, with isolated islands of steel, to a continuous steel structure, with isolated TiC grains (Figure 1). This clearly results in a complex relationship between the steel binder fraction and the carbide/metal interfacial area. Looking specifically at the system components, the corrosion potential of a single-phase TiC ceramic, prepared from the same TiC powder as the present work (with some W contamination), in an equivalent 3.5 wt. % NaCl electrolyte was determined to be −0.176 V (vs. SCE) [46]. Interestingly, that work showed the effects of powder composition, as a high-purity TiC sample exhibited a corrosion potential of +0.005 V (vs. SCE). It can consequently be anticipated that the difference in corrosion potentials between the TiC ceramic phase and the steel binder, in a conducting electrolyte, may potentially lead to galvanic activity at the interfaces between these two dissimilar materials, especially for the 410 L grade.



It can be seen from Table 5 that, of the baseline metals, 316 L stainless steel has the best corrosion resistance, but when incorporated with TiC into a cermet structure, the TiC-304 L cermets have better corrosion resistance than their TiC-316 L and TiC-410 L counterparts (Figure 4). This is likely related to a reduced difference in the electrochemical potentials and galvanic activity between the TiC and the steel binder. Generally, when two dissimilar materials are incorporated in a conducting electrolyte, and one is more noble (cathodic) while the other is more active (anodic), the difference in potential between the cathode and anode site will indicate the expected degree of galvanic corrosion. Consequently, the smaller the difference in potential, the lower the expected extent of galvanic corrosion [40]. However, changes in electrolyte composition and temperature could also alter the potential positioning in the galvanic series [40]. As noted in the previous paragraph, the corrosion potential of the present TiC (as a single-phase material) in a similar electrolyte to the current study was determined to be −0.176 V [46], while those of 304 L, 316 L, and 410 L steels (shown in Table 4) are approximately −0.204, −0.221, and −0.400 V (versus SCE), respectively. Comparing the difference in the OCP between TiC (cathodic) and the metallic phase (anodic), based on this principle, TiC and 304 L offer the least likely candidates for the formation of a galvanic couple due to exhibiting the lowest potential difference between the two phases. This is further investigated by the performance of the cyclic polarisation analysis. The results of cyclic analysis, such as characteristics of the hysteresis loops and the pitting (Epit) and repassivation/protection potentials (Eprot), was used to confirm the susceptibility of each composition toward localised corrosion, similar to those initiated in ceramic/metallic interface within the composition.


Table 5. Extrapolation of the pitting and protection potentials from the cyclic polarisation curves. Note that for the hysteresis loops, they are denoted by whether they are clockwise (+) or anti-clockwise (−).





	Sample
	Epit (V vs. SCE)
	Eprot (V vs. SCE)
	ΔE (V vs. SCE)
	Hysteresis Loop Analysis





	TiC-10 vol. % 304 L
	−0.068
	−0.339
	0.271
	(−)



	TiC-20 vol. % 304 L
	0.150
	No protection
	NA
	(+)



	TiC-30 vol. % 304 L
	0.567
	No protection
	NA
	(+)



	304 L stainless steel
	0.101
	No protection
	NA
	(+)



	TiC-10 vol. % 316 L
	−0.132
	−0.335
	0.203
	(−)



	TiC-20 vol. % 316 L
	−0.186
	No protection
	NA
	(+)



	TiC-30 vol. % 316 L
	0.513
	No protection
	NA
	(+)



	316 L stainless steel
	0.014
	No protection
	NA
	(+)



	TiC-10 vol. % 410 L
	−0.167
	−0.027
	0.140
	(−)



	TiC-20 vol. % 410 L
	−0.276
	−0.145
	0.131
	(−)



	TiC-30 vol. % 410 L
	−0.283
	0.0035
	0.286
	(−)



	410 L stainless steel
	−0.238
	No protection
	NA
	(+)



	TiC
	−0.26
	1.12
	0.86
	(−)









The cyclic polarisation responses of the cermets and the baseline steels are presented in Figure 5. The pitting and repassivation (or protection) potentials (Epit and Eprot, respectively) are used to study the susceptibility of the materials to localised corrosion. The relative degree of “self-healing” ability of the surface film is then given by [47,48]:


[image: ]



(3)






Figure 5. Representative cyclic polarisation curves, demonstrating the effects of binder content for each of the TiC–stainless steel cermets, together with comparison of the “pure” stainless steels: (a) TiC-304 L; (b) TiC-316 L; (c) TiC-410 L; and (d) the single phase metallic stainless steel. Note that the open arrows highlight the hysteresis loop directions for each figure (in terms of increasing test time).
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The accompanying electrochemical results of the cyclic polarisation experiments are shown in Table 5. Where the value of Eprot is lower than Ecorr, no protection will be observed, and this is noted as such in the table. It is typical that an increase in Epit improves the resistance of the materials to pitting corrosion, while a decrease of ∆E indicates a greater ability towards the self-healing of the passively formed surface film [47]. By increasing the steel binder content, the pitting resistance of the cermets is improved (i.e., Epit increases with binder content).



For the TiC cermets prepared with 304 L and 316 L, positive values of ∆E in addition to anti-clockwise (−) and relatively small hysteresis loops, were observed for the cermets containing only 10 vol. % of the metallic binder phase. This behaviour is likely related to the protection rendered by the formation of a surface oxide at the comparatively higher TiC content (effectively 90% of the surface area). Further increases in amounts of 304 L or 316 L binder resulted in the formation of large, clockwise (+) hysteresis loops, which can be interpreted as an increased susceptibility of these compositions towards localised corrosion.



On the other hand, cyclic polarisation tests on the cermet compositions prepared with 410 L steel showed a very different behaviour. The cermets with a 410-L steel binder consistently exhibited anti-clockwise (−) hysteresis loops, with the smallest loop corresponding to the composition with 30 vol. % of the metallic binder phase. It was also observed that the calculated ∆E increased with an increasing binder content.



To further confirm the observations from cyclic polarisation, and to substantiate the possibility of localised corrosion, potentiostatic polarisation tests were conducted at applied voltages slightly above Epit (Figure 5); the specific polarisation voltages used for each sample are provided in Table 6. All of the present materials showed an increase in current with time during the potentiostatic scans above Epit, indicating the probability of localised corrosion. These observations confirm the results of the cyclic polarisation tests shown previously. It can also be seen from Figure 6 that the cermets with 10 vol. % 304 L and 316 L steel showed an increase in current with time. This again infers the superior capacity of the lower binder content cermets towards the better oxidation resistance of the passive film, when compared with the other cermets studied. The large oscillations observed in the potentiostatic curves for the pure 316 L and 304 L stainless steels presents evidence of localised corrosion, and an aggressive attack of the passive film by Cl− ions.


Figure 6. Representative potentiostatic polarisation curves, demonstrating the effects of binder content for each of the TiC–stainless steel cermets, together with comparison of the “pure” stainless steels: (a) TiC-304L; (b) TiC-316L; (c) TiC-410L; and (d) the baseline stainless steels.
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Table 6. The applied voltages used for potentiostatic polarisation testing of the TiC–stainless steel cermets and the single metallic phase.





	
Sample

	
Polarisation Voltage (V vs. SCE)




	
304 L

	
316 L

	
410 L






	
Single metallic phase (steel)

	
0.10725

	
0.16475

	
−0.175




	
10 vol. % steel

	
0.02075

	
−0.0505

	
−0.127




	
20 vol. % steel

	
0.2475

	
0.01725

	
−0.2275




	
30 vol. % steel

	
0.575

	
0.52

	
−0.195











3.3. Post-Corrosion Sample Characterisation


Typical SEM images of the cermets after potentiodynamic polarisation testing are shown in Figure 7; in these examples, the cermets have been subjected to an accelerated corrosion through a voltage sweep to +1.5 V (versus SCE). Preferential dissolution of the binder is apparent, while the TiC grains remain largely unaffected following the tests. Even when the steel binder is removed, the TiC particles support each other to a large extent and form a continuous, rigid skeleton. However, some surface TiC grain removal does occur; the presence of remnant surface grains can be easily observed in the form of a retained, uniform flattened face (i.e., previously polished) on each individual grain (e.g., Figure 7a).


Figure 7. Representative SEM images of the post-corrosion surfaces of the TiC–stainless steel cermets following potentiodynamic polarisation testing, for cermets with binder contents of: (a) 30 vol. % 316 L and (b) 30 vol. % 410 L.
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It can be clearly seen that at the highest binder contents, essentially all of the interconnecting metal binder content is removed from the near surface region, leaving clean and smooth TiC grains (Figure 7b). In this instance, the surface TiC grains are also removed, as TiC particles are clearly rounded at the new surface (i.e., the previously polished grains are removed).



The typical effects of cyclic polarisation on the cermets and the accompanying baseline steels are shown in Figure 8. It is apparent that there is heavy pitting on the baseline steel surfaces (Figure 8d), which is in agreement with the experimental results of the cyclic polarisation tests, as shown in Figure 5. In that instance, the values of Eprot for the steels (i.e., the protection potential) are more active than Epit, indicating the tendency for localised corrosion. The presence of pits also relates to the oscillatory response observed for the steels during the cyclic and potentiostatic polarisation experiments (Figure 5 and Figure 6, respectively), which indicates evidence of Cl− ion attack [39]. However, for the TiC–stainless steel cermets, there is only a selective attack occurring locally at the interface between the TiC and the steel binder, resulting in the removal of the binder itself. In this situation, the TiC ceramic particles are not affected in any obvious way. The initial stages of this corrosive process are clearly shown in Figure 8b, with nominally lenticular-shaped voids appearing at the interface between the TiC and the steel phase (in this case, 316 L). Here, the bulk of the steel is still retained, but the initial stages of material loss are clearly associated with the interfacial region, indicating the dominance of a galvanic mechanism (rather than general corrosion), as outlined earlier. Close inspection of the TiC grains in the image shows that they invariably have consistent surface curvature, inferring that material loss arises from the steel binder (as predicted by the galvanic corrosion argument), which is the anodic portion of the galvanic couple. It is interesting to note that there is, broadly speaking, an association of the attacked regions with areas where there are closely neighbouring TiC grains. This indicates that residual stress and/or localised dislocation density in the steel may also play a role in corrosion in the interfacial region.


Figure 8. Representative SEM images of the corroded surfaces of selected TiC–stainless steel cermets and single metallic phase, 410 L steel following cyclic polarisation testing: (a) 20 vol. % 304 L; (b) 20 vol. % 316 L; (c) 20 vol. % 410 L; and (d) “pure” 410 L stainless steel.
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The lack of substantial evidence for pitting on the cermets can be postulated to be due to the beneficial protective effect offered by the formation of a (partially protective) surface oxide which, based on prior studies [41,42], is likely to be a titanium oxide (i.e., TiO2) for the current cermets. From the present work, it can be clearly seen that there is a selective interfacial attack on the cermets, resulting in steel binder loss, while the TiC grains are unaffected. As noted previously, it is expected that the anodic area is the metallic side of the interface between the steel binder and hard TiC phase (where metallic dissolution takes place), whereas the adjacent ceramic side of interface is the cathodic region (where oxygen reduction takes place), although in the case of both 304 L and 316 L, the corrosion potential differences with the present TiC are small. Within the interface zone (anodic region), metal dissolution occurs, and increases the migration of chloride ions into the interface. The formation of metal cations may be anticipated to lower the pH (acidifying the solution) near the interface, due to the hydrolysis of metal cations, leading to the more intensive corrosion in this region. This theory could also potentially explain the localised corrosion at the interface of the cermets, acting in conjunction with galvanic attack. However, one further factor needs to be considered, in that there is some evidence of localised compositional change in these cermets during fabrication, as noted in an earlier study [49]. It was shown, specifically for the TiC-316 L system, that the binder composition is modified, as Mo is removed to a large extent, and is incorporated into the outer rim of a complex core–rim structure that is formed on the TiC grains. This outer rim contains Mo and also W, which was present as an impurity in the starting TiC powder.




3.4. Post-Corrosion Chemical Analysis


Following the corrosion experiments, the remaining solution from the electrochemical cell was analysed using ICP-OES, to determine both the solid (in terms of fine particulate matter) and ionic (dissolved) material present in the solution. Assessment of the primary constituent species is presented in Figure 9 and Figure 10 for the solid and ionic material, respectively. In terms of the solid constituents, with increasing binder content, it is apparent that there are concurrently increasing quantities of the steel components (e.g., Fe, Ni, and Cr) liberated during corrosion testing (Figure 9). Conversely, there are relatively decreasing amounts of Ti present. The increase in the assorted steel species indicates that there is a preferential attack of the binder, the extent of which increases in a nominally linear manner with the overall binder content of the cermets. This observation is in accordance with the SEM observations.


Figure 9. Inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses of the filtered material removed from the post-test solutions after corrosion testing of the TiC–stainless steel cermets: (a) TiC-304 L; (b) TiC-316 L; and (c) TiC-410 L.
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Figure 10. ICP-OES analyses of the remaining post-test solution, following filtration to remove particulate material, after corrosion testing of the TiC–stainless steel cermets: (a) TiC-304 L; (b) TiC-316 L; and (c) TiC-410 L.
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By comparing the dissolution of Fe for the three cermet systems, it is apparent that the TiC-410 L cermets have the highest binder dissolution rate, followed by TiC-316 L and lastly, TiC-304 L. This observation also confirms the superior corrosion resistance of TiC-304 L cermets over the other developed compositions, as outlined earlier, contrary to the behaviour for the steels in isolation. Figure 10a shows the ionic content measured in the filtered solutions (i.e., after removal of all of the particulate material), following the corrosion experiments for each cermet. There is invariably a greater amount of Ni and Mo ions in the filtered solutions after testing the TiC-316 L compositions (i.e., Figure 10b) when compared with other cermets. The loss of Ni and Mo ions, which are important components that improve the corrosion resistance of the steel, may indicate why the TiC-316 L cermets showed marginally inferior corrosion resistance compared with TiC-304 L, where the loss of Ni ions is minimal. The absence of Fe ions from the solution may indicate the precipitation of Fe in some form, which would then lead to a higher Fe content in the recovered solids component, relative to Ni. As the pH of the NaCl solution is between 5.3–5.8, which is relatively close to the highly acidic and corrosive pH range [0–4], the possibility of Fe precipitation can be justified [50].



In addition to analyses of the various residual corrosion solutions after electrochemical testing, the influence of the tests on the cermet composition was also analysed. Figure 11 presents the surface EDS analyses, both before and after corrosion testing, for each of the cermet systems; it should be noted that the balance for each of the samples is comprised of O (in wt. %). It is apparent that there is heavy dissolution (and hence removal) of the metal binder components during corrosion, for each of the cermet systems, while the TiC is essentially unaffected. It is also notable that the O content increases significantly, from essentially nothing in the as-fabricated cermets, confirming the formation of a surface oxide during corrosion [34,35,36]. These analyses confirm that there is selective dissolution of the binder, supporting the ICP-OES data presented in Figure 9 and Figure 10, and the prior SEM observations (Figure 7 and Figure 8). In the most extreme corrosion cases, it can be expected that there will also be a slight loss of Ti (and C), due to the removal of individual TiC grains when the metal binder is degraded (there is no longer a sufficient steel binder to keep the surface grains in place); this will not be observed by EDS analysis, as Ti and C will still be the predominant components, but can be observed through SEM imaging, as the surface morphology will change from polished (i.e., smooth) to rough (i.e., revealing complete, individual TiC grains), and also through the ICP-OES data (Figure 9 and Figure 10).


Figure 11. Comparative energy dispersive X-ray spectroscopy (EDS) elemental analyses of the surface of TiC–stainless steel samples prepared with 10 vol. % to 30 vol. % steel binder, both before and after corrosion testing: (a) TiC-304 L; (b) TiC-316 L; and (c) TiC-410 L. Note that the balance for each material, adjusted to 100 wt. %, is comprised of O. The presented EDS data is the average of three to five analyses for each material.
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4. Conclusions


The corrosion behaviour of TiC–stainless steel cermets has been assessed in a simulated seawater environment (with 3.5 wt. % NaCl), using a combination of electrochemical measurements, together with microstructural and compositional analyses. The cermets have been prepared with the steel binder compositions 304 L, 316 L, and 410 L (varied from 10 vol. % to 30 vol. %). Efforts were made during cermet processing to ensure an essentially identical grain size in order to eliminate any issues arising from changing the ceramic–metal interfacial area (due to grain size). Based on this study, the following conclusions can be drawn:



(1) The corrosion resistance of the baseline 316 L, 304 L, and 410 L steels is generally slightly better than the TiC–stainless steel cermets with higher binder contents, but comparable to the 3xx series cermets with the lowest binder content (i.e., 10 vol. % steel), which offer significantly superior wear resistance (by roughly three orders of magnitude).



(2) For the “pure” baseline steels, the 316 L stainless steel has the best corrosion resistance, followed by 304 L, and finally 410 L. Conversely, for the cermets, the TiC-304 L system has the best corrosion resistance, followed by TiC-316 L, and lastly TiC-410 L.



(3) For the cermets, generally Ecorr becomes more negative with increasing steel binder content, while icorr is increased with increasing binder content, indicating a reduced corrosion resistance (although the effects are small in both cases). Based on a constant corrosion area (i.e., 1 cm2 exposed area), the corrosion rate of the cermets is seen to increase with steel binder content, which is related to the selective dissolution of the metallic phase (relative to the ceramic phase); this corrosion rate effect is largely negated by normalising to just the exposed “active” metal area.



(4) Microstructural studies revealed the preferential dissolution of the steel binder, while the TiC grains remained largely unaffected. This is potentially a result of galvanic action, with the more anodic response of the metal component resulting in its removal (particularly for the 410 L binder materials). Chemical analyses, using both ICP-OES and EDS, confirmed this increase in dissolution of the steel binder at higher binder contents. At low binder contents, EDS analysis also shows that there is an increased amount of semi-protective oxide on the sample surface (which was anticipated to be TiO2).



(5) Based on both the electrochemical measurements and the microstructural analyses, it can be concluded that the cermets with the lowest binder content (i.e., 10 vol. %) have the potential to offer a combination of good corrosion resistance and excellent wear resistance, as dissolution of the binder is significantly reduced during aqueous corrosion, while the high TiC content would provide enhanced wear resistance.
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