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Introduction 

The effects of surface oxide fi lms on the mechanical properties of single crystal and 
polycrystall ine body-centered cubic refractory metals have been extensively investigated by 
Gibala and co-workers ( I-5).  Their results have shown that thin surface films on the order 
of tens to a few hundred nanometers enhance the duc t i l i t y  and decrease the flow stress of 
these metals at low homologous temperatures. For the temperature range over which this phe- 
nomenon occurs in bcc metals (less than two tenths of the absolute melting temperature), macro- 
scopic plastic deformation is controlled by the low in t r ins ic  mobil i ty of screw dislocations. 
By contrast, the mobility of non-screw dislocations is much higher over this temperature range, 
such that these dislocations are responsible for control l ing deformation only during microstrain 
or pre-macroyield events. However, this normal balance between deformation-generated edge 
and screw dislocations can be altered in bcc materials by the presence of phase boundaries 
or other interfaces, such as the fi lm-substrate interface of oxide-coated bcc metals (6). 
For example, during deformation of a f i lm coated material, the effect of elastic and plastic 
constraint at interfacial steps between the substrate and the oxide f i lm results in a localized 
build-up of stress. This increased stress state at the interface is subsequently relieved 
in part by the generation of non-screw dislocations which contribute to plastic flow of the 
material at reduced flow stresses compared to the uncoated material, for which macroscopic 
deformation is controlled by less mobile screw dislocations (7). 

The structure of B2 ordered intermetal l ic alloys is related to that of the body-centered 
cubic metals, with resultant s imi lar i t ies  in dislocation core structures and dislocation mobil- 
i t i es ,  including examples of edge dislocation/screw dislocation mobil i ty d i f ferent ia ls .  Conse- 
quently, the general plastic flow behavior exhibited by B2 alloys is also in many respects 
analogous to that observed in bcc metals. This includes such features as a large temperature 
dependent flow stress, a duc t i l e -b r i t t l e  fracture transit ion and deviations from Schmid's 
law (8). In our present research, the s imi lar i t ies  between bcc metals and these bcc-based 
ordered alloys were carried a step further by experimental determination of surface f i lm soft- 
ening effects in single crystal NiAl. Such experiments were conveniently accomplished at 
room temperature, in the v i c i n i t y  of which the flow stress begins to increase substantially 
with decreasing temperature. 

Room temperature deformation of NiAl typ ica l ly  occurs by {llO}<OOl> sl ip of perfect dislo- 
cations (9), and crystal orientations away from [OOl] where this type of s l ip occurs are nor- 
mally referred to as soft orientations. On the other hand, i f  single crystal ;liAl is oriented 
such that the [OOl] direction is paral lel to the deformation axis, <OOl> sl ip is constrained 
and deformation occurs by <I l l>  s l ip of superdislocations (lO). Since the flow stress for 

• [OOl] oriented single crystals is several times higher than that for other orientations i t  
is normally referred to as a hard orientation. Therefore, using NiAl as a model B2 ordered 
alloy presented us with the opportunity to investigate f i lm softening effects in a single 
material which exhibits two s ign i f icant ly  di f ferent types of sl ip behavior. 

Materials and Methods 

The as-received NiAl was or ig ina l l y  cast by TRW Inc., Cleveland, Ohio and was obtained 
from J.K. Doychak ( l l ) .  The material is part of the same lot  u t i l i zed by Doychak in his investi- 
gations of the oxidation behavior of NiAl ( l l ,12) .  Chemical analysis was performed by National 
Spectrographic Laboratories and is provided in Table I. The material is non-stoichiometric 
(nickel-r ich) and contains residual impurities total ing less than one atomic percent. Zirconium 
was intent ional ly  added in order to improve thermal oxide adherence. 
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Single crystal samples with an axial orientation near [ i23] or [OOl], as determined by 
Laue x-ray di f fract ion, were cored from the ingot using a standard ram-type electr ic discharge 
machine equipped with a Cu/W electrode. These samples were subsequently centerless ground 
to a uniform diameter and electropolished in a 2:l methanol:nitric acid solution. Final dimen- 
sions of the cylindrical samples were 4 mm in length by 2 mm in diameter. Al l  mechanical 
testing was performed in compression at room temperature and at an i n i t i a l  strain rate of 
2xlO'4/s on a screw-driven Instron machine. Samples were tested either as-electropolished 
(uncoated) or after receiving a thermal oxidizing treatment. 

Table I 
Composition of NiAl (at%) 

Ni Al Si Fe Cr Zr Cu 0 Mg 

52.10 47.13 0.52 0.09 0.05 0.03 0.03 0.03 0.02 

All specimens were oxidized in a i r  using a laboratory furnace at temperatures of 800, 
I000 or 1200°C. These treatments result in the expected formation of several d ist inct  types 
of thermal oxide films ( I f -15),  as summarized below. Oxide thicknesses ranged from 40-700 nm 
and were determined from kinetic data. 

Oxidation of NiAl at 800°C results in the formation of a duplex oxide f i lm which exhibited 
excellent adherence to the substrate even after considerable deformation. Doychak (I I ,12) 
has determined that the inner layer of this oxide is NiAl204 or a solid solution of NiAl204 
and gamma-Al203 with a high epitaxial relationship to the metal. Above this inner layer of 
oxide grows a layer of delta-Al203 and/or gamma-Al203 which thickens with time while the NiAl204 
spinel remains incorporated as the inner layer of the oxide scale. 

The oxide formed at IO00°C has not been determined as de f in i t i ve ly  as that formed at 
800°C. At short oxidation times (~8 hours) i t  is thought to be delta-Al203 which at longer 
oxidation times undergoes a transformation to alpha-Al203 (13). For thicknesses of less than 
400 nm, this type of oxide coating displays considerable duc t i l i t y  and adherence, even on 
samples deformed to strains of greater than 20%. 

Samples oxidized at 1200°C form a mature alpha-Al203 scale (14) which ~n i t i a l l y  grows 
as a submicrocrystalline oxide but recrystal l izes during growth to a textured alpha-Al203 
f i lm (]5). These alpha-Al203 films were extremely b r i t t l e  and did not perform as satisfactory 
coatings since they cracked and spalled after only s l ight  deformation. 

Results and Discussion 

[123] NiAl - Soft Orientation 
Of the three types of oxide coatings investigated, the delta-Al203 oxide films formed at 

IO00°C produced the most pronounced softening effects observed in [123] oriented crystals. 
Figure I shows several examples of this softening behavior for specimens oxide coated to the 
thicknesses indicated. In general, the oxide coated materials exhibited a reduction in yield 
and flow stresses and a concomitant increase in duc t i l i t y  compared to the uncoated material. 
As observed for the bcc metals investigated previously (4,6), there exists an optimum f i lm 
thickness for which there occurs a minimum in yield stress and a corresponding maximum in 
duc t i l i t y .  For [123] single crystal NiAl with a delta-Al203 oxide coating, this optimum thickness 
occurs at approximately 350 nm resulting in an average 20% decrease in offset yield stress 
and a four-fold increase in duc t i l i t y .  This behavior is portrayed in the inset of Figure l 
which is a plot of the average 0.2% offset yield stress as a function of delta-Al203 oxide 
thickness. The data which are plotted represent mean values obtained from 3-5 samples per 
oxide thickness while the bars represent one standard deviation displayed by the data. 

Figure 2 shows the stress-strain behavior for samples coated with optimum thicknesses 
of a l l  three types of oxide films discussed in the previous section. In general, the mechanical 
behavior of NiAl specimens coated with the duplex oxide formed at 800°C was qual i ta t ive ly  
similar to that of samples coated with the delta-Al203 scale. On the other hand, samples 
coated with the alpha-Al203 oxide displayed almost no signi f icant difference in behavior com- 
pared to the uncoated material. Even though an i n i t i a l  decrease in yield stress was occasionally 
observed for the alpha-Al203 coated material, the flow stress quickly reached or exceeded 
that of the uncoated material. This behavior can be explained by the f i lm cracking which 
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was observed upon deformation of samples coated wi th an alpha-A1203 oxide. When the f i lm  
cracks, compat ib i l i ty  stresses at the in ter face are re l ieved and consequently the oxide f i l m  
is not e f fect ive at generating d is loca t ions .  However, the hard, b r i t t l e  nature of th i s  f i lm  
would enable i t  to act as an e f f ec t i ve  ba r r i e r  to d is locat ion motion. This would not only 
account for  the small i n i t i a l  softening e f fec t  but also the observed increase in f low stress. 

I t  is s ign i f i can t  that  f i l m  softening e f fec ts  are observed fo r  th i s  o r i en ta t i on .  In 
bcc metals the f i lm  softening e f fec t  is  a d i rec t  resu l t  of the d i f ference in i n t r i n s i c  mob i l i t y  
between edge and screw d is loca t ions  and the pre ferent ia l  generation of the more mobile species. 
For [723] oriented single crys ta l  NiAI and a l l  other sof t  o r ien ta t ions ,  a large i n t r i n s i c  
di f ference in dis locat ion mob i l i t y  apparently does not ex is t .  Both mob i l i t y  ca lcual t ions 
based on a Peierls model (16,17) and atomist ic ca lcu la t ions of the core s t ruc ture  of <001> 
screw dis locat ions in a model CsCl l a t t i c e  (18,19) ind icate tha t  a large d i f ference in mob i l i t y  
between <001> edge and screw d is loca t ions  in NiAI should not be expected. These ca lcu la t ions 
imply that the surface f i lm  e f fec ts  observed in th i s  sof t  o r ien ta t ion  could be due to an in-  
crease in tota l  mobile d is loca t ion  (edge and/or screw) densi ty and not necessar i ly  the e f fec t  
of preferent ia l  generation of a spec i f i c  species characterized by high mob i l i t y .  This resu l t  
would be analogous to the f ind ings  of Ruddle and Wilsdorf (20) who observed softening in n icke l -  
plated copper single crysta ls  and ra t iona l i zed  t h e i r  resul ts  in  terms of an increased mobile 
d is locat ion density due to ac t i va t i on  of surface sources. In such a circumstance, softening 
ef fects are observed because a d is loca t ion- "s ta rved"  material becomes overwhelmed with mobile 
d is locat ions which are e f f i c i e n t l y  produced at the f i lm-subst ra te  in te r face .  Therefore, in -  
creasing the tota l  d is locat ion densi ty  in th i s  sof t  o r ien ta t ion  of NiAI could be in i t s e l f  
enough to produce softening e f fec ts .  

[O01J NiAI - Hard Orientation 
NiAl single crystals tested in compression along [OOl] deform by <I l l>  s l ip (lO). Other 

than deformation occurring by s l ip  of superdislocations, as opposed to unit  dislocations, 
low temperature deformation of NiAl single crystals of this orientation occurs quite simi lar ly 
to that of typical bcc metals. This s imi lar i ty  is due to the equivalent nature of the core 
structure of <I l l> dislocations in NiAl and bcc metals (8). The core of the screw dislocation 
in both structures is nonplanar and spread onto three intersecting l l lO}  planes, while the 
non-screw dislocations possess less complicated planar cores (21,22). Therefore screw disloca- 
tions with their high Peierls stress and low mobil i ty compared to non-screw dislocations control 
the low temperature deformation of [OOl] oriented single crystal NiAl. 

Our experiments on single crystals of this hard orientation demonstrate that oxide coating 
has such a tremendou) effect on the mechanical behavior of NiAl that i t  dwarfs the signif icant 
effect observed in [123] single crystals, as shown in Figure 3. For [OOl] oriented samples, 
the delta-Al203 oxide coating results in as much as a 60% decrease in yield stress and up 
to a four-fold increase in duc t i l i t y  over uncoated samples. Because the yield stress of the 
uncoated material is i n t r i ns i ca l l y  high, the f i lm softening effect amounts to more than a 
800 MPa decrease in yield stress for oxide coated samples! In agreement with these results, 
mobil ity calculations for < I l l>  type sl ip in NiAl indicate that edge dislocations are mobile 
at stresses which are also about 60% less than those needed to move screw dislocations (17). 
Therefore, as in the case of bcc metals, the f i lm-related generation of extremely mobile edge 
dislocations (as compared to screw dislocations) results in the greatly enhanced softening 
effect observed in NiAl of [OOl] orientation. 

Conclusions 

The phenomenon of surface f i lm softening, observed previously for several bcc metals, 
occurs as well in single crystal NiAl of both soft and hard orientations. The magnitude of 
the surface f i lm effects, i .e .  a decrease in yield stress and increase in strain to fracture, 
is dependent on oxide thickness as well as the type of oxide coating applied. A much greater 
surface f i lm effect occurs in the hard [OOl] oriented single crystals, for which previous 
theoretical investigations suggest there exists a large difference in mobil i ty between edge 
and screw dislocations. 
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Fig. I. The effect of delta-A]203 oxide 
films on the mechanical behavior 
of [123] oriented single crystal 
NiAl tested in compression at 
room temperature. Inset shows 
the dependence of surface oxide 
softening on oxide thickness as 
revealed by i ts effect on the 
0.2% offset yield stress. 
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Fig. 2. The effect of different thermal 
oxide films of optimum thickness 
on the mechanical behavior of 
single crystal NiAl. 

F ig .  3. The e f f e c t  o f  o r i e n t a t i o n  on 
the  su r face  o x i d e  s o f t e n i n g  o f  
d e l t a - A l 2 0 3  o x i d e - c o a t e d  NiA1 
t e s t e d  i n  compress ion  a t  room 
t e m p e r a t u r e .  

1600 : 

1 4 0 0  

O. 1 2 0 0  
=E 

u) 
u) 
I,LI 1000 
O: 
I-- 
~n 
I,LI 

800 h- 
I'- 

6 0 0  

4 0 0  

NiAI 

(~123) 
rtCOllted / I 

~- / / /  " 

i 

i / 

I I i I I I 

0 . 0 8  0 . 1 6  0 . 2 4  0 . 3 2  

TRUE STRAIN 


