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A quasibinary eutectic alloy which consists of the imermetal-
lic phases NiAl with B2 structure and MbMiAl - a Laves phase
with C14 structure — shows improved strength at temperatures
up to 12200 *C compared 1o pure NiAl The brittleness of the
NbMiAl phase, however, causes microcracking during de-
formation at room temperature and at elevated temperatures.
With TEM observations the imeraction of cracks sath the
phase boundary NiALNbNIAL was studied in detail. In some
cases the crack energy was absorbed in NiAl by the formation
of a plastic zone, The detailed dislocation analysis showed that
seven slip systems were activated in iodal in MiAl including
the < 1002{ 310} systern. The results are discussed in the light
of other crack tip studies and are compared to macroscopic
deformation experiments in NiAL
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Versetzungsanalyse an Rillspitzen an Phasengrenzen in

einer intermetallischen NiAl-NbMiAl-Legierung

Eine quasibiniire eutcktische Legierung. die aus den beiden
intermetallischen Phasen MNiAl mat B2 -Serukomr wed NBNiAL -
cine Laves-Phase mit Cl4-Sirukier - besteht, zeigt im Ver-
gleich zu einphasigem NiAl eine verbesserte Festigheit bis zo
Temperauren von 1200 *C. Die Spridigkeit der NbMNiAl-
Phase verursacht jedoch MikroriBbildung bel Verformung be
Raumtemperatur und erhihten Temperawren. Mit TEM-
Untersuchungen wurde die Wechselwirkung von Mikrorissen
mit den Phasengrenzen im Detail untersuche. In einigen Fallen
wuribe die Energie des Risses in Nial absorbiert, indem eine
plastische Zone pebilder wurde, Die detaillierte Versetzungs-
analyse reigl, daB insgesami sichen Gleitsysteme aktiviert
worden sind, unter anderem auch das < 10072 { 310} -System.
[Me Ergebnisse werden mit anderen RiBspitzenuntersuchun-
gen und makroskopischen Verformungsexperimenten vergli-
chen.

1 Introduction

Among other imtermetallic compounds the NiAl phase has a
perspective for applications as high-strength material [1to 4]
because of the high melting point, the gooed oxidation resist-
ance and the relatively low density. It 15 well established tha
single crystals of NiAl show a high anisotropy. The non-
< 0> oriented crystals (soft orientation) are much more
ductile than the < 100> oriented crystals (hard orientation)
[5 to 9). The low tensile ductility of polycrysialline MNiAl
at room lemperature has been atiributed o the insufficient
number of activated slip systems —< 0002 { 110}, < 001> { KK}
- 1o satisfy the von Mises criterion [7, 9, 10] although several
authors found evidence for activation of other slip svstems,
g < 1002210} [6, 13]. Even the pencil glide mechanism
has been proposed [ 7, 9], 1.€. the slip plane becomes ill-defined
amd slip takes place on any plane with the slip direction
<0012 as zone axis [ 14]. At high temperatures or high defor-
miation rates other slip systems (<2 111>{ 123}, <<111>{ 112},
LI NN0 (6, 15 to 17) amd << D002 100} [, 9, 18]) have
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been found. In compression tests ductiliny is observed, but in
tension brittle fracture mostly occurs. The interaction of slip
and fraciure is not guite well understood.

Additsons of Mb oo NiAl are expected o increase the
strength and in particular the creep resistance [3]. With more
tham | at.% MNb the MbNiAl phase with the hexagonal Cl14
structure (MgZng-type Laves phase) is formed [17, 19] leading
i a quasibinary eutectic svstem MiAl-MbMNiAl Two-phase
alloys containing NiAl and NbMNiAl are supposed to show an
improved creep resistance because NbNiAl has a high strength
al temperatures wp o 00 =C [2, 3, 20, 21]. A problem, how-
ever, is the brittleness of this phase.

The mechanical behaviowr of MiAl-MbMiAL alloys has been
reported preliminarily [2, 3] and is described separately [20,
21]. The properties of the alloy of this study are surmmarized
briefly in Table 1. The compressive yield strength (0.2 % proof
siress al deformation rate & = 107 1/5) of the Mid40AIZONB21
alloy was found as 357 MPa at 1100 ®C. This strengih is much
higher than that of pure stoichiometric MiAl with 30 MPa.
Wial containing 0.6 oL % Nb in solution has 8 compressive
yield strength of 68 MPa, The NbMNiAl phase exhibits a com-
pressive vield strength of 392 MPa. At room temperature the
allov fractured in a brittle manner with a strength of more than
500 MPa, The ultimate compressive stress was 407 MPa
at 800 C (| % straind, W75 MPa at 900 °C (> 12 % stron).
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i content [ad | | n | il i3 | i
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; compressive 4.1 5 prond | Wl | h | Q2 157
| siress | MPa] 2 TRXE=C | 20, 21 i | I
[ Koo I MPam - ORT (22 4 | | 2 I 4
| Thermal expansion coellicien |
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— perpendiculur fo c-axis LE - Kt | {05 - (K : K- |
pelwerystalline specimen LA K | LRt R |
Gl NP o OO =0 2 12 % s and 2000 BPa an 1200 2*C §F Hesulis

(2 1% % strwng, Detmiled creep experiments reveal i similar
brinle-to-ductile wansinon. K¢ measurcments ¢ Table L owhich
arg described elsewhere [22] showed values of about 4
MPa, s an room temperature for both the pure NiAl and the
MiAOALONB2 ] alloy. MBMNiIAL s rather brttle with a K valus
of absont 2 MPua, s,

The aim of the present work 15 to study the microsirecture
and especially the dislocation configuration in the MiAl phase
in front of microcracks atb the phase boundaries betwesn MNiAl
amd NbMIAL The results are compared 10 other stedies of
dislocations at crck nips,

2 Experimental Details

A MiALNBMAL alloy with the composition Mi-39 5% Al-21
al. % Wb was produced by electron-beam melting. A ewectic
ricrostruciure with spheroidal MiAl grains surrounded by the
MbMNiAl phase was obtained with an average rrain size of 300
wm. By chemical analysis the impurity comtent was found to
be extremely low with <2 50 ppm Oz, <2 Shppm M2, < W ppom
5. EDX-5EM measurements showed that the NiAl phase con-
Livims il bt 006 % b in solvd soluvion  Tab, 1, The mes-
ured MNioamd Al coments correspond 1w the equilibrium con-
teqits of the two phases. From the ingots specimens with
dimensions &> 6 % [0 mm’ were cut by spark. erosion for creep
Lesls.

After the creep experiments the specimens were stsdied by
light microscopy. With o special etchant (16 vol, % HMNOS, 16
worl SE (T HEF L Bis \'i1|.':.-i-g|_:,-'c.:ﬂ'r|r'|r!htl".h'| 1'!||I.:|5-.|.!'\ colild be dis-
nnguished clearly, The preparation for TEM was difficul
since the NbNiA] phase is rather brittle and grinding had 1o be
doase caretully, The specimens were thinned by conventionidl
rwin jet poedishing with a HNOy — methanod o2 2 solution with
AN - 25 *C. Dimple grinding before polishimg improved
the =ize of the thin areas, The Philips EMA4230 electron nmicro-
seopie wars eyuipped with a & 0 30° double il specimsen
halder for casy dislocanion analvsis.

Thee thermal expansion coefficient wis measured for MiAl
as well as for MhMiAL NiAl single crvstals were available
which showed isotropie thermal expansion values Clakde T
The pure MbhMiAl phase was soliditfied direchonally wath the
o= axis parallel v the growth direction, The ihermsd e umnson
coetfickent parallel and perpendicular o the -asis is signil-
||;;||11|:. dafTerem 4 Table 11, Measuremems  with I':I!1l.|l.'|ll1|:'.
carpentled poalvcrvatals yielded mean volues.

LRt
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rlhu'u;: l.|1r|g|"||; |:l||.;|:q.|.: 1 Fih-_. 15 e dboiar 28 vl .5 NiAl Flhu.‘i-l_"'.
Figure la shows the microstructere after deformation ar 40K
0, The NhMiAl phase comtains many cracks which continue
i the MiAl phase. A 800 2C (Fig. 1b) the cracks which have
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Fig. . Imragranular crack in WhiviAl phase along the phase bound-
ary ol MiAl,

3. Refbecred crack or ihe MNiAl phase boundary with angle ot

Fig
incifence below 55% and plastie zone i the MiAl phase

been formed in the MbMNiAlL phase have been stopped m the
phase boundary of NiAlL A 1200 *C (Fig. o) the deformation
wits purely plasac and mo crucks wers observed

TEM investngations were performed aler deformaton
IO =0 and 12000 *C, Alough m e opocal microscope:
microcracks were not visible, 1e, they were absent or smaller
than the resolution. the TEM foils conwained iniergranular
cracks in the NBNiAl phase (Fig. 21 The cracks did not follow
any crystallographic plane in the NbMNIAL phase. but were
curved without any preferred orientaticn. In the case ol Fig 3
the crack was deflected near the phase boundary, The crack
spems b follow the ph;,l,u; bonckary @ a distance of abon
S ooy, This leads o the comcluswon that the phase boundary
possesaes a higher fraciere scrength than the KbMNiAL phase.

Ahout twenty cracks were studied in detail. I the angle
between the cruck plane and the phase boundary exhiibats o
sharpangle between 10 and about 33% the crak s reflecied
il the phase boundary. Fi_-_'.lr'.' A shivws That in these cases the
angle of incidence is nearly egual wothe angle of reflection.
The crack propugation direchon is marked by armows, Inomaost
cases distocations wre Formed in the NiAl phase staming from
the inter=ection of the crack with the phase boundary

Small particles of the metastable MbNIAL phase with L2
structiore  Hewsler tvper have been Formed sathim the Ml
during codlinge arfver creep ot HEEEC Tor more than 20 he The

FoMetllkad, &7 oap

it b Plasne cone o MALumber different imageing comb
= [M]. dbb o~ = | [ib1]

LigHas! i g

reqson for this 15 the decreasing solubiliny ol Nboan Midd wath
|_||_'-_'n';|-|'|; tempensiore, MNucleation occwrs I'III,'II.'".'I'.“.I“:-' M
presinus chslocanions, The plasiic sone a1 crack |i|'l1.. W Ever,
cloves ol contain such particles, Therefore, the observed dislo-
catkong at crack tips must have been formed after the creep
experiment. By careiul comparison of light micrographs and
TEM micrographs of selected specimen regions it was found
thit most crucks were formed during detformation and cooling
andf ned during TEM-specimen preparation. Mewcracks camsed
by preparation were running between the two phases wheneas
the orginal ones had a direciion perpendicular to the phase
hiwindanes,

I the amgle of incidence ut the phase boundanes exceeds o
croncal valse of aboat 559, the crack slaps the phase bownd-
ary. The emergy 1= absorbed i the plaste sone wivich 1s formmed
n the MiAl phase. Fizure 4 shows an example with a crack
neidence angle of about SO% and o plastic zone of abour 8 pm
siee, A detailed dislocation analysis was performed in this
i 1y I|II|:|:_' wibth at Jesst six chilFerenl e veclors i " T
suamples are shown m I'!:_: I with ¢ = [MLLRN [ERETRIT g =
[k Twe tvpes of dislocitions were creaned. e, most
distocations hisd o Burgers vector O and o few hnd

[UHEL. In Fig. dathe specimen was tilted inosech wy thad
the ol directionm of the imiiee |!|.=._I'|.' Lo axislois mearly
el ol foe D <L el ol thie B (T afislocanions. in
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Table 2, Activated ship systems at the crack up in XAl
Burgers slip line curyadure _nurmber of density Schmad
vector plane velor dislocarions & # {sclor
[OLEN 1 1) HI%sgrew i cdifll e i midcdle w7
[L1EH {101 I srew VETY SIrangE 12 very high .43
(o {100 HI®-screw weeak 4 high .26
[D1EN RN e ek H il 111
[O1EH [ 100 0% edge wieak ca s middle iy
[ (1] 111 mixed strong ca. A fow nax
[ WA {310 mixed weak cie. b high naii

Fig. 4b the specimen was lilled 1o have a zone axis near [010].
This means that the & = [(MD] dislocations are imaged with
their residual contrast as is indicated by the weak double line
contrast which fulfils the condition 7 - b =0, Only the few
h" = [001] dislocations appear with full contrast since for them
& - b &0 Often (cf. upper part of Fig. 4) small-angle grain
boundaries were observed which were formed during creep
deformation at high temperatures withour relation 1o cracks,

The line vectors of the dislocations were estimated by using
the trace method | 23] in stereographic projections for different
rone axes. From the line vectors the slip planes can be
obtained by the cross prodect [ x & | The analysis showed
that an tedtal seven ship sysiems were activated. a5 summarized
in Table 2, Dislocations with near edge character were found
on slip planes with steep angles to the crack plane. whereas
thiose with near screw character lie on planes with sharp angle,
The dislocation lines were curved, but no evidence was found
fior cross slip or dislocation resctions. Most [010] dislocations
lic on the [ 101 slip plane, but also other shp plases ( 100} and
[3M3}) were found,

The schematic sketch i Fig, 3 illuwsaranes the three-dimen-
stonal arrangement of the slip planes in the NiAl phase in front
of the crack tip. The crack plane is indicated with the notation
of the NiAl phase. For a better understanding the slip planes of
the dislocations with the teo types of Burgers vectors are
drawn separately although they penetrate each other in three
dimensions, Since the {310} ship planes seem 1o be rather unu-
sual they were checked in a different way., As mentioned
above, the micrograph of Fig. 4bwas obtained with a zone axis
near o= |[000). With this imaging condition the slip planes of
the i = [010] dislocations appear as planar traces since they

contain the zone axis. The angle of 182 betwesn the trace of the
(301} plane and the trace of the (1001 plane corresponds 1o the
correct valwe, Therefore, it con be stted thar | 310] <lip planes
are petivated.

The dislocamons in the lefi part of Fig. 4a show a rather
small radius of curvatune. The zone axis in this image 1s nearly
perpendicular to the ¢ M) plane which was found s slip plane
fior these dislocations. The strong curvature with a radius & of
at least M1 ngnandscates a rather high indemal stress with strong
dislocanon pinming, With == 0,58 - /R (with & = 63 GPa
| 200 seress of abouwt 300 M Pa can be estimated, This slip sys-
tern alsi lad the largest density of dislocations p(see Table 25
which was estimated by counting the dislocarions on that slip
system and considering the distance of the slip planes. Each
dislocation lies on a separate but parallzl slip plane as 1= ind-
cated by the parallel lines of residual contrast in Fig. 4b, The
distance of these plumes increases slightly with imcreasimg dis-
tance of the crack tp. The lowest distance was measured as 50
nm. The high number of dislocations in this slip svstem can be
explaned by estimating the Schrmid Ffactos, As a first appeoxi-
muation, the stress field in front of the crack tip can be supposed
I be @ ensile stress perpendicular 1o the crack plane. The
Schmid factor can be calculated by § = o o= cos Bcos 4 with
the assumption that the stress acts al-nng [ 133] direction which
is the normal of the crack plane. The resulis for each shp sys-
tem are shown in Table 2. Slip systems with a higher Schmid
factor exhibit higher dislocation densites, and also the dislo-
cation curvatures are stronger in these slip systems, Hence, the
results are selfeomsistent, In pure single crysials of NiAl [24]
spme preparaion cracks also showed a (031 slip plane of
emitted dislocations,

4 Dhiscussion

Twoe-phase allovs comaining the NiAl phase and the NbNiAl
phase showed improved mechanical properiies compared Lo
pure MiAl Obviously, the high volume froction of NhNiAl
sirengihens the allow. The mmprovemsant i the K values is
probably due 1o crack deflection,

i
I GLRRT
.
ih"\- | 11e8] |
P Cepoh piane f',ff’fq
e 1133
|
Fig. 5. Ship plames and Burgers wectors in
- e plaszic zome in Misl of Fig, 4 as well as
7 crack plane in NhMNiAl (schemancal v the
e nokabion relers e e Mol e,
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The NiAl phase possesses a slightly higher srength  Table
3l about | at.% Nbis dissolved. In this case the dislocations
are stromgly bent with o high curvature, Obviously, clusters of
Mb atoms sct as obstacles for dislocations since precipitated
paarticles could ned be detected. Pinning by forest dislocations
can be excluwded because with various imageing conditions
only dislocanions were found which had been emitted from the
crack tip. Hence, the solid sedution hardening contribution by
the Nb atoms is rather large, In specimens with supersaturated
MiAl formation of metasable LI MizNbAl particles was
observed in NiAl (for deails see [20, 21]5

The NbNiAl containing allov has been used 1o smdy the
plastic zone at crack tips in NiAL Microcracks ohserved by
light microscopy are formed within the NbMiAl phase after
deformation dunng the subsequent cooling from the high tem-
perare. The microcrack density observied by light micros-
copy was found o increase with decreasing deformation bem-
peramure. Hence, it can be concleded that imemal stresses
cause the microcracking which resulis from the large differ-
ence of the thermal expansion coefficients of NbhMiAl and
MiAl (Table 1) and from the thermal gradients [200 21). The
migrocrack formation is supposed (o ocour of temperatures far
below the resting temperatune | HHE = C) since otherwise the
forces due o differences in thermal contraction would not be
large enough to excesd the cleavage stremgth of NBNIAL The
brittle-te-ductile transition wemperaure of NhNIATL was found
o e roumd 100 *C. Above this temperatune imemal stresseas
in WhNiAl can be relused by dislocation movements. There-
fore, microcrscking 15 assumed 1 take place much below K00
O A lower limit presumably is the temperature of about $00
*C because specimens deformed ar thar emperature showed
brittle cracks even in the MiAl phase. Single phase MiAl s
known 0 be brittle at low temperatures, but experiments in
Minl single crystals showed dislocarion emission ar crack tips
in TEM specimens which were produced during the thinning
process ol room lemperature [24]. Therefore, it canne be
excluded thar the plaste zone in NiAl has formed at room
temperature at least on a microscopic scale in the thin TEM
foils. Additional microcrscks i NbAiAL may be formed
during TEM specimen preparation by relaxation of internal
stresses since the neighbouring grains are removesd, Due to the
difference in thermal expansion cpefficients | Table 1) the
MbMiAl phose 15 under compression at rOOM e perariere,

The curvature of the cracks shows thar the NbNial phase
has no preferred cleavage plane. The phase boundary between
the MEMiALand MiAl phase was found o be stronger than the

brittle NbNIAl phase. Obviously, the neighborhood of NiAl

results in long-range image forces. Effects of the chemical
composition can be excluded since EDX line scans across the
phase boundary in the TEM showed a sudden change in the
M, Ni and Al concentration to the bulk values. The angle of
ingidence plays an important role for the crack propagation at
the phase boundary, Below a it of 35° cracks are reflected
with an angle equal to the angle of incidence., The formuation of
aplastic zone in NiAl means that a pan of the Kinenc eénergy is
dissipated even if a propagating crack is reflected a he phase
boundury,

Plastic zones af crack tips ane formed in MiAlLif the angle
between crack plane and phase boundary 15 above 559 The
dislocanion density decreases with increasing distance from
the crack tip as found by Appel etal, arcrack tips in Mg [ 25],
Compared to metals the behaviowr of dislocarions wthe crack
tip in MiAl 15 between thar of foe and boe allovs, By in-sit
straining experiments in the TEM Ohr | 26] found emission of
serew chslocations on plumes coplanar to the plane of the mode
I crack in foc metals (Cw, NiL sieel. Al Although the crucks

L 8eallkd. 8 (020

ut the phase boundaries NiIAFNBMIAL ure predominatly maode
I crucks. screw dislocations were observed on slip planes with
sharp angles (near coplanart @0 the crack plane 1 Table 2.
Fig. 51 Most of the ship planes, however, had a steep angle to
the crack plane contwming dislocations with edge character

Dizlocotions theores of Irscture [26 10 29 indend to
describe and undersiand the brimle-to-ductile rransition of
materials, The mscroscopic fracture behoviour is described
with K, the siress intensity factor from the applied stress.
and is explaned by microscopic deformation mechanisms
with &y, the local stress intensiey factor at the cruck tip. In the
present work the plastic rone in NiAl contained more than
62 dislocations with seven slip systems. The position und
distance of them o the crack tp can be estimated, However,
the threg-dimensional dislocation configuration leads o com-
plicated interactions of stress felds which makes an analysis
difficulr.

Slip svstems in NiAl in front of 3 crack op have not vet been
investigated before indetail. With simgzle crvstals mainly com-
pression tests were performed [5, 715, 16] where activation
of <1002 110} and <1003 100} slip svstems and also
< NN 210 [6, 13] was found. Baker et al. [12] predicted the
occurrence of addateonal slip systems with < 0024001
Results of the present work clearly show that < 1002 disloca-
tions are activated on | W0 amd { 110 as well as on {310} slip
planes. The later plane 15 observed bere For the first time. The
results clearly show that dislocations on (310} planes cannot
be described by slip steps on different | 110] planes as sugpest-
ed by Ball and Smallman [ 10]. They are presumably activiated
only under special loading conditions as in the stress field ar
crack tips. The occurrence of the <= [310} slip system
medans that its activation energy is of the order of that of the
0200} and <Z W02 100} ship systems, af least it o1s
smaller than the energy for fraciure, In the stersopraphic
propection the (510 planes are situated rather close to the
previously published {210) planes, i.e. they can easily be
mixed up with each other. According to these resulis slip
planes in MiAl seem o be not as well-defined as in other crys-
tals. Hence, the consideration of pencil glide with its variety of
slip planes seems 1o be reasonable, This is supported. too. by
regarding the slip in << 111> direction, Such Burgers vectors
were not found under the experimental comditions of the pres-
ent work, since only ot lower temperatuses or high defor-
mtion rates the slip svseems < L3 123), <2112,
1= 110) were observed [ 16, 17]. In Cr-doped MNiAl enhan-
ced mucleaton and modion of <1112 dislocations on §112)
planes has been found even at room cemperature | 30]. The
variety of slip planes for both < W2 and < 111> Burgers
vectors indicates the possibility of pencil ghde for NiAlL

The findings of this work show the activation of seven
different slip systems in NiAl with six of them being inde-
pendent on a microscopic scale. This is more than sufficient to
fulfall she von Mises criterion. Bulk specimens of NiAl are
known 1o behave ina brttle manner in tensile tests. but recent-
Iy Hahn ex al, [31] Tound also room emperature ductility of
NiAl even in polyerysialline material if the stoschiometric
composition is exactly established. Obviously, the influence
o the chemical composition is critical and funther expen-
iments with different alloy compositions are required for
detailed understamding,

5 Conclusions
I the pwo-phase alloy MiANBMNIAL cracks ane formed in the
britile MbMiAl-phuse during cooling from the test lemperature

{MHHE®C7) fo room femperatune,
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If a cruck propugating in the brittle phase NbNiAl meets the
phase boundary of NiAl it is reflected if the angle of incidence
is below 55% which indicates a higher strength of the phase
boundary compared with the pure NbNiAl phase.

A angles of incidence above 337 the crack is stopped at the
interface by producing a plastic zone in the NiAl phase which
can be analysed by TEM. Two types of Burgers vectors were
found, [00] and [ K0, operating on six imdependent slip sys-
tems which is more than enough w fulfill the von Mises crite-
rion for general homogeneous deformation. The presence of
the slip plane {310} is evidence for the occurrence of pencil
elide in MiAl with | ar.%% Nb.

The work was supported lnancially by Bundesminisierium fir
Forschung und ﬁumunlugi-: (BMFT) which is gratefully acknowl -
edged, The awthors wish 1o thank Mrs, Erika Bartsch Tor er assist-
ance amd in particular for the diffecull TEM specimen preparation,
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