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The NiAl intermetallic layers and NiAl matrix composite layers with TiC particulate reinforcement
were successfully synthesized by laser cladding with coaxial powder feeding of Ni/Al clad powder
and Ni/Al+ TiC powder mixture, respectively. With optimized processing parameters and powder
mixture compositions, the synthesized layers were free of cracks and metallurgical bond with the
substrate. The microstructure of the laser-synthesized layers was compga&tAifphase and a

few v phases for NiAl intermetallic; unmelted TiC, dispersive fine precipitated TiC particles and
refined B-NiAl phase matrix for TiC reinforced NiAl intermetallic composite. The average
microhardness was 355 HVY and 538 H\} ;, respectively. Laser synthesizing and direct metal
depositing offer promising approaches for producing NiAl intermetallic and TiC-reinforced NiAl
metal matrix composite coatings and for fabricating NiAl intermetallic bulk structure.2004
Laser Institute of America.
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I. INTRODUCTION ambient temperature ductility and toughnéssParticulate
o o . ) ) reinforcement is considered an effective method of improv-
NiAl intermetallic is considered a potential high tem- ing the strength and toughness of NiAl intermetalfi¢! La-
perature structural material for astronautics and aeronauticg,, cladding offers an excellent possibility for producing
due to its high melting point, low density, excellent oxida- parq-facing coatings, particulate reinforced metal matrix
tion, and _?m corrosion  resistance  at  elevated,ymposites, as well as new alloy development and rapid
temperatureé._ Howeve_r, the ten_sne ductility and fracture manufacturing of metallic components. By means of laser
toughness of intermetallic at ambient temperature are usuallyaqging, it is possible to synthesize NiAl intermetallic, to
poor. Further, the high temperature strength is still insuffij5rqye its high temperature strength, to increase its ambient

cient in most cases. This dire_ctly restri_cts its operational temfemperature ductility and toughness, and to deposit directly
perature and deteriorates its machinabfiity. Therefore, o even to manufacture near net shape NiAl intermetallic
NiAl intermetallic alloys have rarely been applied in practice components.

to date. _ , This article presents the results of research on synthesiz-
Various strengthening and toughening approaches havgy Njial intermetallic and TiC particulate reinforced NiAl
been explored for improving both the high temperaturéinermetallic matrix compositélIMC) using laser cladding

Strength and the ambient dUCti”ty and toughness of NIAIWIth coaxial feeding of Ni/Al clad powder or Ni/AlTiC
intermetallics-%"® These techniques mainly include solid- powder mixture, respectively.

solution strengthening, precipitating strengthening, disper-

sive strengthening, particulate reinforcement, directional so-

lidification, and single crystal. However, with the increase of

the high temperature creep strength by some strengtheniﬂb EXPERIMENTAL PROCEDURES

methods, the ambient temperature tensile ductility and frac- 1 experiments were carried out in a laser system con-
ture toughness of NiAl intermetallic normally decrease CON<isting of a PRC 3000 3 KW continuous wave fast axial flow
siderably. Thus, the principal issue is to improve both theco2 laser. A THPF-1 powder feeder and a THCN-3 patented
high temperature strength of the NiAl intermetallic and its .,avial nozzle were used for coaxial powder delivery. The
substrate material was a commercial mild steel plate with
dElectronic mail: zhml@tsinghua.edu.cn thickness of 10 mm; its surface was mechanically ground
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and carefully cleaned with gasoline and acetone before ex-
periments. The powder material was Ni/Al clad powdat
particles are cladded by Ni particesvith the size of
—75—+49 um, in stoichiometric composition of the NiAl
intermetallics. Approximately 15-20 wt% of TiC powder
(=200 meshgswas added to the Ni/Al powder for particu-
late reinforcement. The Ni/Al powder and TiC powder were
mechanically mixed for 1 h, dried in a tube furnace 2ch at

100 °C, and then slow cooled to room temperature.

The laser processing parameters were: laser pdwer
=1.5 kW, scanning velocity/ =4 mm/s, laser beam diam-
eterD=5 mm, and powder feeding rat@=4.0 g/min. Ar-
gon was used as a shielding gas for protection of the melt
pool. Each specimen was overlap deposited in three layers.

The microstructures of the synthesizing layers were ob-
served and analyzed by a CSM950 scanning electron micro-
scope. The compositions were determined by Link ISIS en-
ergy dispersive spectrometryEDS). The phases were
identified with a Rigida x-ray diffractometer. The microhard-
ness was measured using a Vicker hardness tester at 100 g
loads.

IIl. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Laser synthesizing NiAl intermetallics

Experimental result§Fig. 1) demonstrated that laser
synthesizing NiAl intermetallic by feeding of the Ni/Al clad
powder may result in severe cracks in the layer depending on
the processing parametet®r example: laser power from
1750 to 2000 W, beam diameter of 3 mm, scanning speed
from 7.5 to 10 mm/s, and powder feed rate from 2.7 to 3.2
g/min). The cracking phenomenon was characterized in the
following aspectsi(1) The cracks mainly originated at the
surface of the deposited layer and then propagated downward
to the interior of the layefFig. 1(a)]; (2) Some of the cracks
originated at the interface between the deposited layer and
the substrate and then developed into the ld¥égs. Xa)
and Xb)]; and (3) Most cracks propagated along the grain
boundary[Fig. 1(c)]. The cracking in the laser-synthesized
NiAl intermetallic was mainly attributed to the rapid heating FIG. 1. Cracking phenomena in laser synthesized NiAl intermetallic layers:
and cooling, to the difference in the thermal expansion coefta) cracks originated at the surfa¢b) cracks originated at the interface, and
ficient between the synthesized layer and the substrate, ar@ cracks propagated along the grain boundary.
to the brittleness of the NiAl intermetallic itself.

However, dense synthesized layers free of cracks and
porosities were achievdéig. 2(a)] under optimized process- The relationship between the dilution rate and the pro-
ing parameters: laser power of 1.5 kW; beam diameter of Bessing parameters is illustrated in Fig. 3. The dilution rate is
mm; scanning speed of 4 mm/s; and powder feed rate of 4.8efined as the Fe atomic percentage in the composition of the
g/min. The deposited layer was 3.37 mm in width and 0.96synthesized layer. Figure 3 indicates that an increase of the
mm in height. EDS analysis indicated that the depositedaser power dramatically increases the dilution of the synthe-
layer contains about 49 at. % of Ni, 40 at. % of Al, and 11sized layer, while a change in the scanning speed has less
at. % of Fe(the possible C from the melted substrate is noteffect on the dilution. There is an optimized powder feed rate
detected in this analysgisAbout 11 at. % of Fe was in the for less dilution. The powder feed rate can not be either too
layer due to the dilution of the substrate. The atom ratio ofarge or too small for a less dilution layer.

Ni and Al in the synthesized layer was about 1.2:1 though  Figure 4 identifies the relationship between the Al

the original powder mixture was made according to the stoatomic percentage within the synthesized layer and the pro-
ichiometric composition of NiAl intermetallic which is 1:1. cessing parameters. Increasing the laser power slightly de-
This means that some Al was lost due to evaporation duringreases the Al content in the layer, which increases the Al
the laser cladding process and the composition was dramatest during the cladding process. Increasing the scanning
cally changed. speed and the powder feed rate slightly increases the Al con-
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FIG. 2. Laser synthesized NiAl intermetallic layer and its microstructure:
(a) basic morphology(b) microstructure in the upper and middle zofe,
microstructure in lower and side zone, afd] microstructure under high
amplification.
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FIG. 3. Relationship between the dilution rate of Fe atomic percent in the
clad layer and the processing parameters.

tent. The Al lost during the laser processing ranges from 1/4
to 1/3 depending on the processing parameters.

Figure 2 shows the microstructure of the synthesized
layer. The upper and middle zones in the layer contain equi-
axed grairfFig. 2(b)] while the lower and side zones contain
columnar crystal§Fig. 2(c)]. This is due to the local cooling
and solidification characteristics during the laser cladding
process. Figure (@) indicates that some fine bright particles
were dispersively precipitated in the grain boundary or
within the grains; their composition is shown in Table I. The
precipitated bright particles include mainly Ni and Fe and a
few Al, which is possibly they phase according to its com-
position in the phase diagram. It is recognized that the
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FIG. 5. X-ray diffraction result of the laser synthesized NiAl intermetallic
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45
= ® s @ 42.09
5 40 @ 4022 the powder mixture and to increase the Al content in the
S powder mixture to balance the Al lost. An additional 1/3 pure
35 | Al powder was added to the Ni/Al clad powder to make the
Ni:Al about 1:1.33. Laser synthesizing results with the same
- ) ) , processing parameters are presented in Fig. 6. EDS analysis
25 5 75 10 12.5 indicates that the deposited layer contains about 40.4 at. % of
V fmm/s Ni, 39.6 at. % of Al, and 20 at. % of Fghe possible C from
(b) scanning speed the melted substrate was not detegtddhe microstructure is
50 similar to the previous results, however, the Ni:Al ratio is
1.02:1 in the present synthesized layer. X-ray diffraction re-
a5 L sult (Fig. 7) shows stronger NiAl diffraction peaks than pre-
® 525 vious layer, implying that more NiAl synthesized in this situ-
P @ 4148 ® 415 ation.
‘«% 40
6]
B. Laser synthesizing TiC particulate reinforced NiAl
35 intermetallic matrix composite
) ) ) Based on the earlier research, 15-20 wt% TiC was
¥ 9 12 15 18 21 added to the Ni/Al clad powder in order to obtain a TiC
Q py/g/min particulate reinforced NiAl IMC for better strength. The op-
(© powder feed rate timized processing parameters were as follows: laser power:

o _ , 1.5 kW; beam diameter: 5 mm; scanning speed: 4 mm/s; and
FIG. 4. Relationship between the Al content in the synthesized layer and the . . .
processing parameters. pqwder feed rate: 2.7 g/mlq. The three—la}yer'deposmon result
with the same parameters is presented in Fig. 8. The synthe-
sized layer is free of cracks; but has a few porosities. The
phase may improve the toughness of the NiAl intermetallicbasic microstructure of the synthesized layer can be divided
X-ray diffraction (XRD) analysis indicates tha@-NiAl is the into two zones: the upper zone and the lower zone. The
main phase in the synthesized laygmphase is not identified microstructure of the laser synthesized upper zone contains
due to its insignificant amouriFig. 5). some unmelted original TiC particle clustéfg. ¥a)], the
The Ni—Al phase diagram clearly indicates that NiAl dispersively precipitated fine TiC particlgSig. 9(b)] and the
intermetallic is present in the NiAl alloy in the atomic range NiAl intermetallic matrix. Figures 1@) and 1@d) illustrate
of 41%-59% of Al. However, due to the 1/4—1/3 of Al lost the microstructure in the lower zone, which is mainly com-
in the mixed powder (Ni:A¥1:1) during the laser cladding posed of dispersively and homogeneously distributed pre-
process, the actual Ni:Al ratio in the synthesized layer iscipitated TiC particles, the NiAl matrix, and a few unmelted
1.2:1. Thus, there is a need to optimize the composition obriginal TiC particle clusters. The precipitated TiC particles
are rough quadrangle and their sizes are quantitatively be-
N _ o _ tween micron and submicron. Figure 10 shows the interface
;Ii'gi_l(zatl.o/'ghe composition of NiAl layer and the precipitated bright par- between TiC particles and the NiAl matrix. Figure(a0in-
_ dicates an inclusion interface between the unmelted TiC par-

Ni Al Fe ticles and the NiAl matrix. In contrast, Fig. () shows a
Grain 18.84 38.41 1275 c[ean mte.rface.bt'etwe.en the preglpltated TiC particle and the
Precipitated particle 45.28 7.94 46.26 NiAl matrix. This implies a good interface bond between the

hard phase particle and the matrix.
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FIG. 7. X-ray diffraction result of the laser synthesized NiAl intermetallic
layer with optimized powder composition.

tallic alloy about 1.5 times, while maintaining its toughness
as evidenced in the absence of cracks. The hardness fluctua-
tion in the NiAI-15TiC layer was due to the three-layer
deposition. The unmelted TiC particles in the upper layer and
the Fe alloying effect from the melted substrate in the bottom
layer increase the hardness.

IV. DISCUSSION

According to the binary Ni—Al phase diagram;NiAl
phase spans a compositional range of 45%Ni—60%Ni. EDS
analysis measures the actual composition to be Ni 49.2, Al
39.8, and Fe 10.9 for the NiAl layer and Ni 49.4%, Al
29.8%, Fe 19.1%, Ti 1.7% for the NiAITIiC layer. There-
fore, it is not difficult to form theB-NiAl intermetallic phase
in the laser melt pool. In fact, the synthesized intermetallic
should be NiAlFe. The strengthening due to the diluted Fe
alloying, the rapid solidification and the fine grain size may
increase the hardness of the synthesized NiAl intermetallic
layer. The TiC particulate reinforcement further increases the
hardness of the NiAtTiC layer.

FIG. 6. Laser synthesized NiAl intermetallic layer and its microstructure for
optimized powder compositiorfa) microstructure in the upper and middle
zone, (b) microstructure in lower and side zone, afw microstructure
under high amplification.

Figure 11 presents an XRD result of the synthesized
layer, which is identical to the standard datg3aNiAl phase
and TiC phase. Therefore, the laser synthesized layers dg
contain 3-NiAl phase and TiC phase.

Figure 12 shows the microhardness from the surface tqg
the interface of both the synthesized NiAl layer and the TiC S&
reinforced NiAl layer. The average microhardness is
355 HVj ; for NiAl, and 538 H\; ; for TiC reinforced NiAl. ;
According to the energy dispersive x-ray analysis results, the
real composition of the synthesized NiAl layer is: Al: 34.9%, £
Fe: 19.4%, and Ni: 45.6%. So the synthesized NiAl layer is | |
in fact Ni30AI20Fe. Figure 12 indicates that TiC particulate
reinforcement increases the microhardness of NiAl interme- FIG. 8. Laser synthesized TiC reinforced NiAl matrix composite layer.

HYU 15 Ku 0.111mn
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FIG. 9. NiAl intermetallic and TiC mi-
crostructuref{a) unmelted TiC particle
clusters in the upper zoné) precipi-
tated TiC particles in the upper zone;
(c) dispersed and refined precipitated
TiC particles in the lower zone; and
(d) TiC particles in micron and submi-
cron sizes in the lower region.

NiAl is a very brittle intermetallic, cracks also appear in with a slower scanning speed and larger beam diameter re-
the laser synthesized layer. However, crack-free NiAlFe layduced the laser power density, slowed the heating and cool-
ers can be achieved by optimizing laser processing paraning rate and decreased the temperature gradient in laser melt
eters. Compared to the laser processing parameters whigool. Thus, the thermal stress was decreased considerably.
produced cracked layers, a lower laser power in combinatioffhe alloying of Fe and the ductile phases precipitated

FIG. 10. Interface morphology(a) interface between
the unmelted TiC particles and the NiAl matrix; aig
interface between the precipitated TiC particle and the
NiAl matrix.
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1.00k V. CONCLUSIONS
o ® pNiAl (1) The NiAl intermetallic and TiC particulate reinforced
- 0 T NiAl intermetallic matrix composite layers were success-

fully synthesized by laser cladding with coaxial feeding
of Ni/Al clad powder and Ni/AkTiC powder mixture
respectively. With optimized processing parameters and
powder mixture composition, the synthesized layers
were free of cracks and metallurgical bond with the sub-

cps

s 6 . strate.
w Y Al (2) The microstructure of the laser synthesized layer was
0 j ' e 100 composed of3-NiAl phase and a fewy phase for NiAl
intermetallic, unmelted TiC, dispersively precipitated
FIG. 11. X-ray diffraction result of the synthesized IMC layer. fine TiC partic'es and refineﬁ_NiA' phase matrix for

TiC reinforced NiAl intermetallics composite. The mi-

_ o crohardness was 355 HVYand 538 H\, 1, respectively.
along the crystal grain boundary may also be helpful in im-

proving the ductility and toughness of the synthesized layers.
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