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Abstract

Composites of TiC-Ni3Al are under development for application in diesel engines because of their combination of mechanical properties, physical characteristics and corrosion resistance.  Materials of interest contain 30-50 vol. % of Ni3Al alloy as a binder phase.  Grain refinement is important for improved wear resistance and high strength for the applications of interest.  Three approaches were taken to change the final TiC grain size.  Attrition milling effectively reduces the initial particle size and leads to a reduction of the final grain size.  However, an increase in the oxygen content occurs concomitantly with the grinding operation and decreased densification of the compacts occurs during sintering.  Another method for minimizing grain growth is the use of alloying additives.  It was found that Mo and Cr are effective grain growth inhibitors.  Additionally, rapid sintering was examined as a method to limit grain growth.  In general, lower densities were achieved through the use of a belt furnace as compared to a vacuum-low pressure hot-isostatic pressure sintering cycle.  Finally, laser surface treatments were performed to assess the effect on microstructure and properties.  The high thermal transients developed in the laser affected zone resulted in dendritic growth of TiC grains and an increase in the hardness.  

Introduction
Previous studies have shown that TiC-Ni3Al composites have an excellent combination of strength, fracture toughness, hardness and corrosion resistance [1-10].  As a result, there is interest in using these types of  materials for wear applications in diesel engines.  Preliminary testing indicates that improved wear resistance could be achieved by decreasing the grain size of the TiC.  In addition, it was thought that changing the TiC grain shape from a highly faceted one to a more rounded equiaxed grain would increase abrasion resistance from any wear debris.  

An earlier study had shown that Mo, W, and Cr additions to the Ni3Al binder resulted in grain refinement and rounding of the TiC grains.  However, in that study, the samples were fabricated by reaction sintering of mixtures of Ni and NiAl to form the Ni3Al in-situ with the TiC.  However, for these TiC-Ni3Al composites, superior properties are obtained from samples fabricated with prealloyed Ni3Al.  Consequently, a study was done to examine grain refinement and grain shape modifications in Ni3Al composites utilizing prealloyed Ni3Al powders.  Several approaches were examined to control the final TiC grain size and shape.  These included, reduction of the initial TiC particle size; use of additives to change the interface behavior of the growing TiC grains; rapid sintering to minimize high temperature exposure; and post-densification thermal treatments.  

Experimental Procedure

The Ni3Al powder characteristics used in fabrication of the composites are shown in Table 1.  Note the large size of the prealloyed Ni3Al powder produced by inert gas atomization.  This is in contrast to the fine TiC powder† used in all of the composites, which had an average particle size of 1.2-1.5 µm.  The Ni3Al content for all the composites in the study was 40 vol. %.  This composition was chosen because the thermal expansion of the composites is similar to that of steel.  The ball milling was done using 10-15 mm ZrO2 milling media and the attritor milling was done with 3 mm ZrO2 milling media.  In both cases, milling was done in isopropanol with 1 wt. % PEG* added as a binder.  The different milling conditions are described in Table 2.  Media wear during milling contributed some ZrO2 contamination to each of the compositions as shown in the table.  

The mixtures were dried and screened to -100 mesh.  Specimens were uniaxially pressed in either 25 or 55 mm diameter steel dies at ~100 MPa (15 ksi).  Sintering was done in either of two furnaces: (1) a graphite element furnace utilizing a vacuum/low pressure hot-isostatic pressure cycle (V-LPHIP), or (2) a continuous belt furnace with graphite elements at one atmosphere argon flow.  The V-LPHIP heating schedule consisted of a ramp of 10°C/min from room temperature to 1200°C, a 0.5 h hold at 1200°C for degassing, and another ramp at 10°C/min to the final sintering temperature (1450°C or 1500°C) all under vacuum.  The temperature was maintained at the sintering temperature for 0.5 h under vacuum followed by an argon gas pressurization to 1 MPa (150 psi) in 10 minutes and a hold under pressure for 10 minutes.  The total time at the sintering temperature was 50 minutes.  The continuous belt furnace was operated under flowing argon gas flow and brought up to temperature.  The belt speed was adjusted to either 18.3 or 36.6 mm/min, which produces heating rates of either approximately 50 or 100°C/min.  The belt speeds also resulted in residence times within the hot-zone of either 50 min or 25 min, respectively.  Specimens were run through the furnace contained in graphite crucibles.  

For all of the test samples, densities were determined by the Archimedes' method.  For mechanical property testing, selected samples of high density were machined into bend bar specimens with nominal dimensions of 3 mm x 4 mm x 50 mm.  Flexural strength testing was done in four point bending with inner/outer spans of 20 mm/40 mm.  Fracture toughness was determined by an indentation and fracture method [12].  Hardness testing was done with a Vickers diamond indenter at a load of 50 kg.  X-ray analysis was performed on machined bulk surfaces of sintered dense composites.  Scanning electron microscopy (SEM) was done on polished sections using back-scattered electron (BSE) imaging.  

Table 1. Samples of TiC-Ni3Al composites fabricated to determine the effect of Ni3Al-binder composition on the sintering behavior and properties.  Balance of compositions is nickel.  Samples contained 40 vol. % Ni3Al.  







Binder Composition (wt. %)

Sample ID
Binder Type
Particle Size (µm)
Al
Zr
Cr
Mo 


B

DC-43B
IC-50
<65
11.3
0.6
--
--
0.02

DC-44
IC-218
<44
8.7
0.2
8.1
--
0.02

DC-45
IC-264
<44
8.4
1.7
7.8
--
0.02

DC-46
IC-396M
<65
8.0
0.9
7.7
3.0
0.01

Table 2. Fabrication of TiC-Ni3Al composites using different milling conditions.  Samples contained 40 vol. % Ni3Al (IC-50).  

Sample ID
Mill Type
Milling Time (h)
Media Wear

(wt. %)
Estimated TiC Oxygen Content (wt. %)

DC-43B
Ball
24
0.5
0.7

DC-43A
Ball
89
2.2
1.9

DC-47
Attritor
4
1.9
1.5

DC-48
Attritor
9
4.1
2.1

Results and Discussion

Milling and Densification – The most obvious approach to grain refinement is to reduce the initial grain size.  This is typically done by milling in conventional ball mills or by using high energy attrition mills that significantly reduce the particle size in a short time.  This study examined several milling conditions and variables using both conventional ball milling and high energy attritor milling.  The TiC particle size reduction during ball milling was not determined, but it is a low energy process and the particle size should not change drastically with time.  However, attritor milling is a high energy process.  The change in particle size with milling time in the attritor is shown in Fig. 1.  Significant particle size is realized in ≤4 hours and reaches a steady state at ~7 hours.  During milling, the oxygen content of the TiC is increased and media wear is added to the batches as indicated in Table 2.  

The effect of the milling conditions on densification is shown in Fig. 2.  Obviously, as the TiC particle size is reduced and the oxygen increases, the densification is inhibited.  The presence of the surface oxides decreases wetting by the Ni3Al alloy during liquid phase sintering and would also contribute to greater off-gassing of CO from the TiC at elevated temperature.  Both effects would result in decreased sintering.  In addition, there is some oxidation of the Ni3Al particles as well during milling, which would also, result in decreased sintering behavior.  Besides oxidation of the TiC and Ni3Al powders, the more intense milling also resulted in higher media wear and ZrO2 contamination added to the compositions.  The poor wetting behavior of the Ni3Al with the oxide contamination would also contribute to inhibited densification.  Milling with TiC-cermet media is being pursued as a way to minimize the effects of contamination.  

The densification of the composites with the different Ni3Al alloys types is shown in Fig. 3.  Both the IC-50 and IC-218 based composites exhibited high densities with the V-LPHIP firing schedule.  On the other hand, the composites with IC-264 and IC-396M alloys, exhibited decreased densification.  Both these alloys contained higher Zr contents than the other alloys and, in the case of IC-396M, Mo was also present.  These amounts of Zr should have only a minor effect on the solubility of TiC and diffusion in the liquid phase.  However, the Zr would act as a powerful oxygen getter in the system due to the high free energy of formation and stability of ZrO2.  This oxygen gettering could significantly influence the wetting between the TiC and the liquid phase and thus affect the solution-reprecipitation kinetics.  Small amounts of surface oxygen are well known to adversely affect the wetting between carbides and molten metals and in a similar fashion, minor additions of Mo to Ni have been shown to reduce the contact angle with TiC from 17° to 0° [13-15].  Previous results have suggested inhibited sintering with Zr additions to Ni3Al alloys [9,10].  

The results on the continuous belt sintering are also shown in Fig. 3.  In general, lower densities were obtained for the continuous sintered samples compared to the V-LPHIP processed ones.  Previous work had found roughly equivalent densification between the two methods [11].  However, in the present study, no definitive explanation has been found for the differences.  The continuous sintering did not have a degassing hold step at 1200°C, nor a pressurization step at the end of the firing schedule.  Further work is being done to determine the reasons for the discrepancies.  

Microstructure – The effect of milling conditions on the microstructure of the TiC-Ni3Al composites is shown in Fig. 4.  As expected, as the milling intensity increased (and the initial TiC particle size decreased), the final TiC grain size becomes finer.  However, in the present case, it was observed that the TiC grains contained increasing amounts of inclusions with the increase in milling intensity.  This is exemplified in Fig. 5.  Energy dispersive x-ray analysis (EDAX) of the inclusions identified them as ZrO2 from the mill media contamination.  These were evidently incorporated into the TiC grains during precipitation of the secondary TiC that forms during liquid phase sintering.  

The effects of the different Ni3Al alloys on the microstructure are shown in Fig. 6.  [These should be compared to Fig. 3a which is the IC-50 alloy processed under similar conditions.]  As can be seen, the Cr additions from the IC-218 and IC-264 alloys, results in a rounding of the TiC grains as compared to the faceted grains associated with the IC-50 alloy.  In the case of the IC-218 alloy, some grain refinement is also evident.  This alloy contains low Zr content and previous work had speculated that high Zr contents contributed to enhancing TiC grain growth during sintering.  Further evidence of the effect of Zr is noted in the IC-264 microstructure, which has a comparable Cr content to the IC-218 alloy, but significantly higher Zr content.  The TiC grain size in that case was larger for the IC-264 containing composition.  

The effect of the Mo addition (with the IC-396M alloy) on the microstructure is shown in Fig. 6c.  Rounding of the grains was obvious.  The IC-396M containing composition exhibited poor densification at 1450°C and the particular sample shown in Fig. 6c was sintered at 1500°C.  A comparable sample using IC-50 alloy and sintered at 1500°C is shown in Fig. 6d.  As shown, some grain refinement is evident.  Previous work had reported grain refinement when Mo additions were made to the Ni3Al.  While the IC-396M alloy contains Mo, it also contains an appreciable amount of Zr.  Thus, the Zr may have contributed to some grain growth in these samples.  

Typical microstructures observed from the continuous belt sintered composites are shown in Fig. 7.  While the example is for the materials containing IC-264 alloy, similar observations were made with the other composite types.  A comparison of Fig. 7a and Fig. 4b indicates that as the heating rate increases (and the time at temperature remains constant), the TiC grain size is decreased.  Further increase in the heating rate (and a decrease in the time at temperature) as shown in Fig. 7b, results if a further refinement of the TiC grains.  

Mechanical Properties – The mechanical properties were determined for composites that achieved a density ≥95% T. D.  The effect of milling conditions on the flexural strength, fracture toughness and hardness are shown in Fig. 8.  The strength is directly related to the densities (and inversely to the milling intensity); higher strengths were associate with the higher densities and lower milling intensity.  In a similar fashion, the fracture toughness decreased with increasing milling intensity, which may be due to the higher levels of milling media contamination introduced into the batches.  The hardness was in the range of 8-10 GPa with the highest value for the lowest density sample, which is unusual.  While the attritor milled (4 h) sample had lower density, it also had a very fine grain size, which contributed to the high hardness value.  

Excellent flexural strength, fracture toughness and hardness were observed for the samples fabricated with the different Ni3Al alloys as shown in Fig. 9.  The IC-218 alloy sample exhibited slightly higher strength and hardness probably due to the slightly finer grain size of these composites.  Some contribution from solid solution hardening of the matrix may also have made a difference.  

Laser Surface Treatment – Samples of dense TiC-50 vol. % Ni3Al (IC-50 alloy, sintered at 1450°C by V-LPHIP process) were surface treated by a ruby laser operated at 18.5 kW in a pulsed mode (7 ms at 40 pulses/s) and rastered at 0.84 cm/s.  The surfaces had been machined prior to the laser treatment.  Laser surface treatments are characterized by extremely high heating and cooling rates on the order of 1000°C/s.  The effect on the microstructure is shown in Fig. 10.  As shown, there is a dramatic change from the base material (Fig. 10a) compared to the microstructure in the laser affected zone, LAZ (Fig. 10b).  Melting of the composite occurs locally within the LAZ and during cooling dendritic growth of the TiC occurs as it precipitates from solution.  

Because the laser was operated in a pulsed mode with over lapping spots, some areas were melted and remelted as the laser was rastered across the surface.  The overlapping spots are seen in Fig. 10c.  The interface between the melt-remelt areas reveals interesting differences in the TiC grain size depending on the local heating and cooling conditions experienced.  In the remelt area, the TiC dendrites are very fine because of the high cooling rate adjacent to the material that was not remelted.  Whereas, the dendrites in the area not remelted has grown in size because of the heat-treatment received from being near the laser spot.  Indent hardness measurements in the LAZ (indent sizes were ~200 µm) showed the hardness increased slightly from 7.1 GPa for the baseline to 7.5 GPa in the LAZ.  These preliminary tests indicate that laser surface treatments made be applicable to refining the grains size in TiC-Ni3Al composites.  

Conclusions

Grain refinement is important for improved wear resistance and high strength for the applications of interest.  Three approaches were taken to change the final TiC grain size.  Attrition milling effectively reduces the initial particle size and leads to a reduction of the final grain size.  However, an increase in the oxygen content occurs concomitantly with the grinding operation and decreased densification of the compacts occurs during sintering.  Another method for minimizing grain growth is the use of alloying additives.  It was found that Mo and Cr are effective grain growth inhibitors.  Additionally, rapid sintering was examined as a method to limit grain growth.  In general, lower densities were achieved through the use of a belt furnace as compared to a vacuum-low pressure hot-isostatic pressure sintering cycle.  The high thermal transients developed by laser surface treatments resulted in dendritic growth of TiC grains and an increase in the hardness.
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Fig. 1. Particle size reduction with attritor milling.
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Fig. 2. Densification of TiC-40 vol. % Ni3Al (IC-50) composites fabricated by different milling conditions.  Sintered at 1450°C by V-LPHIP.
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Fig. 3. Densification of TiC-40 vol. % Ni3Al  composites fabricated with different alloys.  Sintered at 1450°C by V-LPHIP.
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Fig. 4 Microstructures of TiC-40 vol. % Ni3Al (IC-50) fabricated using different milling conditions: (a) ball mill 24 h; (b) ball mill 89 h; (c) attritor mill 4 h, and (d) attritor mill 9 h.  Samples sintered by V-LPHIP at 1450°C.    
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Fig. 5. Microstructure of attritor mill 9 h composite showing inclusions with TiC grains.  
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Fig. 6. Microstructures of TiC-40 vol. % Ni3Al composites with different Ni3Al alloy types, (a) IC-218; (b) IC-264, (c) IC-396M, and (d) IC-50.  Samples ball milled 24h and sintered by V-LPHIP, (a) and (b) were sintered at 1450°C; (c) and (d) were sintered at 1500°C.  
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Fig. 7. Microstructures of TiC-40 vol. % Ni3Al  sintered at 1450°C in the continuous belt furnace; (a) 50°C/min and 50 min hold, (b) 100°C/min and 25 min hold.  Samples ball milled 24h and used IC-264 Ni3Al alloy.  Fig. 6b is comparison photomicrograph with V-LPHIP process.  
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Fig. 8. Flexural strength, fracture toughness and hardness of composites fabricated with different milling conditions.  Sintered at 1450°C by V-LPHIP.
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Fig. 9. Flexural strength, fracture toughness and hardness of composites fabricated with different alloy types.  Sintered at 1450°C by V-LPHIP.
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Fig. 10. Microstructures of TiC-50 vol. % Ni3Al (IC-50) before and after laser surface treatment: (a) as-fabricated base materials, (b) laser affected zone, (c) overlap of laser spots, and (d) interface between a melt-remelt zone.  Samples ball milled 24h and sintered at 1450°C by V-LPHIP, 

† Kennametal, Grade 2000 (Latrobe, PA)


* Polyethylene glycol, Carbowax 8000, Union Carbide, New York. 
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