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ABSTRACT

Aluminide-bonded ceramics (ABC's), because of their high-temperature properties, are attractive
fnrusemdiuaalmgh:npp]jutimsandfnrndm'appﬁuﬁmswhemhjghwwurmimanmmd
strength are requirements. Issues related to the application of these "new" cermets include: cost effective
processing, alloying systems and additive element effects, near-net-shape fabrication, and enhanced
manufacturing techniques. Typically for cermets, binder contents of 10 to 30 vol. % are used, however
binders contents of 30 to 40 vol% may be necessary to match the thermal expansion coefficient of steel
Continuous sintering has been found to be a cost effective and often beneficial technique for producing
mmmmmpw,mmmmmm&rucs.

In this work nickel-aluminide and iron-aluminide bonded TiC, with 30 vol% binder containing
alloy modifying elements of up to 20 atom %, were investigated. The modifying elements being
investigated include: Fe, Cr, Si, Ti, Mo, W, Co, and Zr.

As part of this study, density, microhardness, indentation fracture toughness and microstructure
obtained by pressure sintering under 10 atm of Ar and by contmuous sintering in flowmng Ar were
examined. These results will be presented and discussed.

INTRODUCTION AND LITERATURE SEARCH

Pmimﬂhwﬂgiﬁmshawshmﬂiﬂﬁhcmnihﬁk{SiﬁJham}mbhthmm
engine parts.[1] Si,N, is used for turbochargers, cam followers and valve seats, valves, bearings and other
applications. Rmmﬂy,atumhﬂde—bmdadmnnﬂshawbemofhtmfnrmnﬁhmpam. These
materials have advantages of very high wear resistance and high hardness. Some of the currently used
materials for diesel engine applications are limited by their relatively low strength, oxidation and corrosion
resistance at elevated temperatures, and might benefit from replacement of current materials with cermets.

In order to make some cermets competitive as structural materials with the currently used metals
and super alloys, the total material and production costs must be similar or lower than for the metal parts.

WWWMMw?MMMSMMPWMEDﬁmoF
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Use of lower cost binders, machining cost and sintering costs are areas where cost reduction is possible. In
smdiﬁperfnrmadtnmdummupmmsmgmﬂﬁSi,N,bynmﬁuuuussinteringth,itwasdmm
that near full density materials could be produced by continuous sintering at about a 50% reduction in the
cost of sintering. [2] In addition, the properties of continuously sintered Si;N, were often equal to or better
than those for the same Si,N, produced by batch sintering.[3] Because of these successes, it was thought to
be feasible that continuous sintering could be used to produce high-density cermets with satisfactory
properties.

Another area where cost reduction is possible is in the binder material. The most common binder
for current cermets is Co, which is costly. Co is also a strategic material, since there is no domestic source
for Co containing ore. Further, for applications in diesel engines, a thermal expansion coefficient simular to
that of cast iron is desired, and traditional Co bonded cermets have lower thermal expansion than steel.[7]
There has also been an interest in introducing cermets into radioactive environments, but since Co decays
into reaction products with long half-life, these materials are not suitable for these applications. Finding
binders with lower cost is therefore very important to reduction of the total cost of these materials.
Bmmmymnﬂmbm&dwﬂhCummmmmmmmmmﬁum.
These materials have:

e poor corrosion and oxidation resistance in certam solutions; [4-8]
e strength that decreases drastically with temperature; [9] and
¢ high brittleness.

Alternative binders have been investigated with promising results. Binders with the most promising
properties are FeAl and Ni;Al. ByMNi;M,bﬂmhjgllwpmmm
since Ni;Al has the unusual behavior of increasing strength up to about 300°C.[6] It is well known that
Ni,ﬂhmhﬂhhﬁepﬂyc@ﬂheﬁmﬁ&mmmmmm.mw&phg
the NiyAl with boron the ductility of Ni;Al is increased significantly.[11] Very small amounts of B (0.01 -
0.4 at. %) and aluminum contents of less than 25 vol.% proved to increase the ductility of the aluminides
significantly. By introducing boron-doped Ni;Al into TiC cermets the ductility was increased.[11,12]
Fracture toughness and hardness have been found to be equal or better than Co-based cermets in several
investigations.[13,14] FeAl bonded WC and TiC have been reported to have better oxidation resistance in
air than Co bonded WC and better wear resistance.[7] The hardness for FeAl bonded cermets has been
shown to increase initially, as the carbide volume fraction was increased, and then decrease with further
increase in carbide content.[5,7]

It is well known that the most prominent mechanism for sintering of carbides with metal or
intermetallic binder is liquid phase sintering. For this sintering method the wetting of the carbide powder
hyﬂlﬁnﬂllmimamnalﬁuhﬂfgreathnpomibrdmﬁﬁuﬁmmdﬁnﬂpmpﬂﬁﬁ. Carbides, such as
WC and TiC are known to be wetted well by aluminides, and a number of different sintering methods can
be used. It has been shown that by using different sintering techniques it is possible to obtain different
properties for similar material compositions.[7,12,14,15]

Research over the last decade has focused on improvements in ductility, high-temperature
properties, hardness and flexural strength of cermets. These goals have been partially accomplished by the
in flowing Ar has not been reported as a potential sintering technique.

Hotprﬁ:h!ganCdeijﬂhNi,Mhubamd:mmgiwhighdmsﬂiumdgmd
mechanical properties. Several investigations have shown that the binder content highly influences the
sintering behavior.[4,5,12,13,15-17] Low densities were obtained for low binder contents (<5 vol.%) at
any sintering temperature for WC- Ni,Al. Binder contents of >10 vol.% and temperatures as low as
1300°C, produced close to theoretical densities.[13] At higher sintering temperatures, but below 1450°C,
carbon precipitates could be detected by SEM in the WC cermets.[4,12] Ni;Al-TiC cermets (using
prealloyed Ni;Al) did not show any precipitation.
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Early studies in binder composition showed that sintering behavior and properties, predominantly
flexural strength, were highly affected by small changes in composition. Several investigations used three
different commercial Ni;Al compositions[12,13], as the binder for TiC. The Ni;Al compositions are
given in Table . Flexural strength increased by about 200% when using IC-218, which contamns Cr and
Zr, instead of IC-15 which is a baseline boron doped Ni;Al[12] Hardness and fracture toughness were not
affected nearly as much, but fracture toughness was reduced with an increase in alloying elements (from

IC-15 to IC-218)
Table .  Ni,Al alloy compositions for hot-pressed powders[12]
Alloy Al B Zr Cr Ni
IC-15 12.7 0.05 -- - Bal
1C-50 11.3 0.02 0.6 - Bal
IC-218 8.5 0.02 0.8 78 Bal

Pressureless sintering of WC and TiC proved to give high densities for higher temperatures,
~ 1500°C and higher binder fraction, ~ 20 vol.% than hot-pressing.[12] The temperatures required for
awaptzhledmsiﬁnaﬁmufﬂﬂwumleﬁﬂ:mﬂlmfurwc based cermets. By mtroducing Fe into the
bmawphsetheﬂexumgumgthmsmmwmﬁaddiﬁmsmuahsmmdwmm
flexural strength. Overall, the flexural strength was lower than for hot pressed materials. Ti, on the other
hand enhanced the densification. Hardness for pressureless sintered TiC was proven to be better than, or
equal to hot-pressed TiC. Hardness was increased by all three binder compositions.

The same results were found for vacuum sintered TiC.[16] For vacuum sintered TiC the strength
was found to be similar to hot pressed TiC.

Melt infiltration of Ni,Al and FeAl in WC and TiC has produced very high densities, >07% for
highmmkmmmmaﬁvdylmmmn’mﬂarmthmeusudhhupmxh:g.[ﬁ.ll.lﬂ]
Dmshiﬁowgﬂﬁnfﬂ}muﬁﬂlmadﬂewdfmmﬂmasluwaslml.%usingﬂ:isnuhud.[ﬁ]
The final material did not show any incorporation of Ni or Al into the TiC. The increase in densification
could be due to several reasons.[12] First, the Ni;Al powder was not milled, which could reduce the oxide
formed. Smmdly,meﬁiﬂpawdarundhﬂﬁshwsﬁgaﬁmmmﬂ:mﬂmpwdﬂrmadfmhm
pressing and pressureless sintering, this might have reduced the oxidation even further. The
microstructure was more uniform, and it showed a continuous binder phase.[5]

Results from these investigations suggest that sintering behavior and mechanical properties can be
nhmdby:mnﬂcwhm&ﬁauimhhﬂumoﬁﬁmﬂﬂrhgﬁﬂniqm;:ﬁshumgpm.
Furﬂmmmrdlwﬂhmgardmmﬁaﬁmnnﬂhmb:parfmmdhudeﬁndtheMMBh
ammosﬁmmd;hﬂrhgﬂdmhuemadmwngmlsnf(l}m;ﬁmﬁwmm!uﬂhMEh-
temperature properties better than WC-Co and (2) thermal expansion coefficient match with cast iron.

The focus of this work was to investigate the effect of sintering methods on the properties and
microstructure of TiC cermets, using Ni;Al alloys for the binder phase.

PROCEDURE

The physical characteristics of the powders used in fabrication of the composites are given in Table
IL Hmthahrgusiuofthepre-aﬂawdNiyﬁlpowdﬂrpmdnnadh}rinertg:sﬂmﬁmﬁmmamdmm
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other powders. Samples were fabricated by two different methods: (1) sintering with pre-alloyed gas-
atomized Ni,Al or (2) reaction sintering with fine elemental powders to form Ni;Al alloys m-situ.

Table 11 gives the composition of the intermetallic systems investigated. Sintering was then accomplished
by either batch sintering or continuous sintering.

Table I1. Powder identification and mformation.

Powder Type

Supplier

Grade

Ave. Particle
Diameter (@2m}

TiC

Kennametal,
Latrobe, PA

TICA3

1.3

Ni

MNovamet
Wyckoff, NJ

Type 123

NiAl

X-Form
Cohoes, NY

10.9

Cerac
Milwaukee, WI

03

Ni;Al

Homogeneous Metals
Clayville, NY

IC-50

Fe, Co, Si1, Cr, Mo

Alpha
Ward Hill, MA

<5

w

Consolidated
Astonautics
Saddlebrook, NJ

T

Atlantic Equip. Eng.
Bergenfield, NJ

70

The billets using pre-alloyed intermetallic powders were fabricated by ball milling fine TiC

powder, with pre-alloyed Ni;Al
milling media with 1 wt.% PVP*

milling appropriate amounts of TiC, Ni, NiAl, and

In addition, some composites were fabricated with alloying additives,

powder. The milling was done in isopropanol for 16 h, using WC-Co
added as a binder. The reaction sintered materials were fabricated by ball
B together to form Ni;Al m-situ as a reaction product.
such as Fe, Si, W, Ti, Co, Cr, and

Zr. All of the compositions used a 0.1 wt. % boron addition, which was added as elemental B. The milling
wasdmumunprupmdfurlﬁh,mgwc{nmjﬂingmadhwﬂhlm.%?\f?*addadu:hmdar.
Media wear during milling contributed ~0.3 wit. % WC-Co to each of the compositions. Following milling,
both pre-alloyed intermetallics and the reaction sintered mixtures were dried and screened to -100 mesh.

Spﬁmmmmmhﬁaﬂypﬂhu&hﬂﬁmﬁmdﬁmﬂmstﬁldﬁﬁn

isopressed at 350 MPa (50 ksi).

Batch sintering was done in a graphite element furnace at temperatures of 1450 or 1500°C. The
heating schedule consisted of a ramp of 10°C/mm from room temperature to 1200°C, a 0.5 h hold at

~70 MPa (10 ksi) and




lIﬂD"Cﬁ:rdegxss’mg,mdmﬁhmmnmuflﬂ‘ﬂmhmthuﬁnalﬂmmingtmmmre;aﬂmdﬂrwcuum
Thammﬂmmsminhinedatﬁuﬂmingtunpuﬂmfurﬂ.ihundarummnfoﬂmredbymargm
gaspmﬁnﬁmm1MPn{lSﬂpsi}hlﬂnﬁnmd:huﬂmﬂrpmfnrmmmﬁ.mmﬂthnut
the sintering temperature was 50 min.

For continuous sintering, a Model 44BF belt furnace manufactured by Centorr Vacuum Industries,
Inc., Nashua, NH, with a graphite hot zone was used. The specimens were loaded into graphite boats with
lids and placed on the high-temperature SiC link belt. The furnace was brought up to operating
mm:amﬂarﬂowingﬁr(ﬂuwratenppmxmam]yllﬂlitars.r’min}andﬂmbellspeedwadjustedm
18.75 mm/min (0.75"/min). This produced an effective heating rate of about 6.5°C/min from room
temperature to 300°C and 60°C from 300°C to the peak temperature of 1450 or 1500°C. The time at
peak temperature was 50 min.

Fmaﬂufﬂutnﬂmlu,dmshi&swmdﬁemﬁrdbyﬁehdﬁmdm'mﬂhuﬂhdisﬁﬂdd&
ionized water. Spedmmswmﬂ:mdi:mdpdiﬂ:udmdhammmd&ammglmmmmmu
made by diamond indentation, using 20 kg and 50 kg loads. Vickers hardness and indentation fracture
toughness were determined by standard indentation methods.[18,19] Microstructural investigation were
performed on polished samples by SEM.

Table Ill. Ni,Al Alloy Compositions

Major Alloying Binder Composition Substitution Site of
Element (atom%) Alloying Elemeat
Baseline Ni 300 Al 100 None

Fe Ni 1 5 Fe o0 Al 95 Both Ni and Al
Si Ni 30051 g0 Al o0 Al
Ti Ni 300 Tig20 Aloso Al
Mo Ni 300 M0 020 Al oo Al
W Nizo0 W oAl g0 Al
Co Niz0Co oAl 0 Ni
Cr Ni 555 Cr g0 Al pss Both Ni and Al
Zr Ni 300Zr 520 Algso Al
RESULTS AND DISCUSSION

mm.mmmmmmmmmmgimmhhuwmwm
shown graphically in Figs. 1 through 6. The microstructures of some of the cermets containing pre-alloyed
mdmﬂmﬁntu:dalbﬁﬂmwammwhaﬂ:mu&mdsmshmhﬁgs.?thrmgh 18.
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Table IV. Sintering Results for Intermetallic-Bonded TiC at 1450°C for 50 mn.

Continuous Furmnace
(SIUC)

Intermetallic Phase

Ni; ysFe Al o5
Ni. ¢sCr20Alg o5
Ni; oSig 20Aky 50

Ni; oM0o20AL 0 99.6 99 1
Ni oW 20AL 5o 93.9 08.7

Nis 40C0 g0Al, 0o

Continuous Furnace Pressure Fumace
(SIUC) (ORNL)

Ni; gsFeg20Aky o5
NizpsCrosoAlaos
Ni; o510 20Alo 0
Nis o0 Tl 20Alg 50
Ni; M0y 20Als 30
Ni; 00Wo 20k 50

The results in Table IV and Fig. 1 show that very high densities were obtamned by both batch
pressure and continuous sintering at 1450°C for many of the alloying elements. At this smterng
temperature, continuous sintering produced higher densities for Si, Ti and Mo alloying elements, while
batch pressure sintering produced higher densities for W, Co, and Zr. The poorest densification for either
sintering method resulted when the alloying modifier was Zr.

By increasing the sintering temperature to 1500°C (Table V and Fig. 2), many of the densities
were improved. At this sintering temperature, continuous sintering produced high densities for Fe, Si, and
Tiaﬂuyingehnﬂs,uhﬂebﬁchpmsmshtu@pm&undﬂguiﬁmﬂyhghﬁdmﬂiﬁfurMudeu
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alloying elements. For batch sintering at this temperature, densities for Fe and W were significantly
reduced.

Table VI. Comparison of Vickers Hardness for Intermetallic-Bonded TiC Sintered in Ar at 1450°C
for 50 min in a Continuous Fumace (SIUC) and a Pressure Furnace (ORNL)

50 kg Load

Ni, ysFeq 20Alo 05
Ni; goSi 20Alo 30
Nis g0 Tig 20Aky 80
Ni; o0M0p 20Alo 5o
Ni; 00Wo20Alo10

Table VII. Comparison of Vickers Hardness for Intermetallic-Bonded TiC Sintered in Ar at 1500°C for
50 min in 2 Continuous Furnace (SIUC) and a Pressure Furnace (ORNL)

50 kg Load

Ni ssFeo 20Aloss
Ni; 00Sip 20Alo 80
Ni3 00 To 20Alo 30
Ni; ooMoy 20Al 30
Ni; 00 Wo20Alo 80

Because the densities were low for both the Cr and Zr alloying modified alloys, the cermets
mmmgmsaaﬂaymgnndiﬁmswmnmtﬁmdfmhamﬁsmdhmm@mﬂs_ A comparison of
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Figure 2. Density comparison for Ni;Al-TiC with
1200 'E

alloying additions batch pressure and continuous
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btained for Fe as the alloying modifier.

@aharh&csandmargmaﬂyhjgherm:ghnmfmmnnuf
The highest hardness was obtained for the W and Co

Ti and Mo, where continuous sintering produced

the results obtained for batch pressure and continuous sintering at 1450°C (Table V1, Fig. 3 and Fig. 5)

alloying modifiers, while the highest toughness was o

marginally higher toughness and similar hardness.

show that in general batch sintering produced hi
the alloying modifiers. The exceptions were for
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Figure 1. Density comparison for Ni;Al-TiC

with alloying additions batch pressure and
continuous sintered in Ar at 1450°C.

and
the hardness for all

and Ti similar hardness and toughness were obtained for

methods, while significantly higher toughness resulted for the Co alloying modifier with

continuous sintering.

6), the hardness increased slightly for Fe and

Figure 4. Hardness comparison for NisAl-TiC

with alloying additions batch pressure
continuous sintered in Ar at 1500°C.
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For sintering at 1500°C (Table VIL Fig. 4 and Fig.

Si alloying modifiers for continuous sintering, while for batch pressure sintering
alloving modifiers it slightly decreased. For Si

both sintering

Figure 3. Hardness comparison for Ni;Al-TiC

with alloying additions batch pressure and

continuous sintered in Ar at 1450°C.



Figure 7. 30 vol.% Ni,;Al-TiC using pre-alloyed

aluminide following batch pressure sintering at
1450°C. Bar=35 um.

Figure 9. 30 vol.% Ni;Al-TiC using pre-alloyed
aluminide following batch pressure sintering at
1500°C. Bar=35 um.

Figure 11. 30% Ni, g Fega Alye- TiC following
batch pressure sintering at 1450°C. Bar =35 pm.

Figure 8. 30 vol.% Ni;Al-TiC using reaction
sintered aluminide following batch pressure
sintering at 1450°C. Bar=5 um.

Figure 10. 30 vol.% Ni,Al-TiC using reaction
sintered aluminide following batch pressure
sintering at 1500°C. Bar=5 um.

Figure 12. 30% Ni, 4 Feg sy Al g5 = TiC following
continuous sintering at 1450°C. Bar =35 um.
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Figure 13. 30% Ni, o, Moy, Al 4 - TiC following
batch pressure sintering at 1450°C. Bar=5 um.

Figure 15. 30% Ni; o, Moy, Al - TiC following
batch pressure sintering at 1500°C. Bar = 5 um.

Figure 17. 30% Ni; g0 Wy 3 Al 5 - TiC following
batch pressure sintering at 1500°C, Bar=5 um.

Figure 14. 30% Ni, o, Mo, Aly 4 - TiC following
continuous sintering at 1450°C. Bar =5 um.

Figure 16. 30% Ni; 5 Moy, Al 4 - TiC following
continuous sintering at 1500°C. Bar =5 um.

Figure 18. 30% Ni, gy Wy Aly4o- TiC following
continuous sintering at 1500°C. Bar=35 um.
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Figure 51. Fracture toughness comparison for Figure 6. Fracture toughness comparison for
Ni,Al-TiC with alloying additions batch pressure Ni,Al-TiC with alloying additions batch pressure
and continuous sintered in Ar at 1450°C. and continuous sintered in Ar at 1500°C.

The microstructural results are given in Figs. 7 through 18. These photomicrographs show that for
all cases considerable solubility of the TiC existed during reaction sintering in both the batch pressure
furnace and the contmuous furnace.

Figures 7 and 8 and 9 and 10, respectively, compare the microstructure produced by using pre-
alloved Ni;Al and by forming Ni;Al by reaction smterng. From previous work, it was shown that pre-
alloying produces cermets with larger TiC grain sizes. This may be due to (1) enhanced reactivity due to
the presence of more surface oxygen on the powders during reaction sintering; (2) enhanced diffusion of Ti
h:iﬂlehquidphase;orﬂ]aHnmicaﬁ'uc:&uetusuluﬁmmdrq:mdpiuﬂmnfﬂmTiCi::lﬁ:el_iqu:idphm.
mephmmﬁcrogmphs{["igs.‘?nnd?}shuwﬂmtﬂ:emmersuﬁheTiChavebemmdndwhmuamgme
using pre-alloyed Ni;Al. This suggests that the points with highest radius of curvature were dissolved
preferentially. In comparison, the cermets with Ni,Al produced by reaction sintering (Figs. 8 and 10) show
ﬂuttheTiCsmfnmappmmhawhmmumifomdymdumddurmgm.

When Fe was used as an alloving element (Figs. 11 and 12), it would appear that contimuous
sintering produced more reprecipitated TiC than batch pressure sintering. However, the overall solubility
of the TiC in the binder phase appears to be increased by the addition of Fe

Similarly the addition of Mo and W as alloy modifiers (Figs. 13 through 18) appear to have had a
major effect on the solubility of the TiC n the binder phase. Also, in general continuous sintering appears
tuhawpmdumdaﬁmrTiCmmmmdagrmuanmnnufmpmiphatﬂdﬁcmmbatchprﬁmn
sinterng.

CONCLUSIONS

This work showed that ttispmsihlemmminumﬂmringinﬂm,gm:s:nmaf
pmducmgmmmmmmgrﬁw alloys formed by reaction sintering. Contmuous sintering was
also found to have an effect on TiC grain size and solubility of TiC in the binder phase. Since the
measured properties of the continuous sintered cermets were comparable to those of batch pressure sintered
cermets of the same formulations, these results warrant additional investigation for further optimization of
continuous sinterng parameters.
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