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Multipass cold rolling and resultant mechanical
properties of a Cr-containing nickel aluminide
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The difficulties encountered in fabricating NizAl-based intermetallic alloys into final
structural components, due to their limited workability as a result of their inherent high
yield strength and low ductility at elevated temperatures, are an important issue that have
restricted the commercial applications of these materials. The Osprey spray deposition
process is capable of delivering near-net-shape preforms, thereby avoiding the technical
problems related to the hot working of these materials, e.g. hot rolling of slabs. The present
work concerns an investigation of the cold rollability of a chromium-containing NizAl
intermetallic alloy produced with the Osprey process. The sliced preform with a thickness
of 7 mm was successfully cold rolled through multipasses into sheets with a thickness of
0.7 mm and a good surface finish. The material has been found to have a high working
hardening rate at room temperature. The maximum total reduction permissible without
resulting in rolling defects is 30%. Thus, for larger reductions, intermediate annealing
between rolling passes is necessary and it has been optimized to be at 1100 °C for one hour.
The repeated cold rolling and the recrystallization occurring during intermediate annealing
change the initial microstructural features and grain size of the Osprey-spray-deposited
material. The cold-worked and annealed intermetallic sheets with a thickness of 0.7 mm
have a yield strength of 570 and 730 MPa and a elongation value of 33 and 7%, at room
temperature and at 700 °C, respectively. Fractography shows a transition from the
transgranular fracture mode at low temperatures to the intergranular fracture mode at
temperatures above 650°C. © 1999 Kluwer Academic Publishers

1. Introduction parameters. Moreover, because these materials do not
The NiAl intermetallic alloys containing boron, zir- derive strength from precipitation through ageing or
conium and chromium with improved ductility at from martensitic or bainitic transformation through
room and elevated temperatures in an oxidative atmoguenching, but an ordered structure, narrow margins
sphere are considered promising materials for highare left to enlarge the window of deformation process-
temperature structural applications [1,2]. The com-ing by means of heat treatment.

ponents in gas turbine engines and turbochargers are It has been found that the conventionally casiA
among those placed at the top of the application lists fobased intermetallic alloys often do not meet strict re-
these materials. However, viable techniques to convequirements for demanding applications, because of
these materials into the final products must be develsevere segregation. While powder metallurgy can over-
oped, before machine designers can accept these meeme the problem of macrosegregation and improve the
terials. In the gas turbine engines, for example, theproperties and the consistency of the properties of the
materials must be in the form of sheet and is therintermetallics [3, 4], it suffers from such shortcomings
joined to form a ready-to-use assembly such as a conas multi-step processing involving the handling of fine
bustion chamber or an exhaust unit. At present, costpowders which presents the potential of surface con-
effective fabrication of intermetallics into structural taminations. Spray deposition, known as the Osprey
components with desired properties remains a chalprocess, can avoid the problems associated with both
lenge. Difficulties arise from the fact that the character-casting and powder metallurgy [5, 6]. An additional ad-
istic properties of these materials in resisting temperavantage of the Osprey process is its capability to pro-
ture and deformation work against the ease with whictduce almost densified preforms with required shapes
they can be processed. Their low ductility and beingand dimensions, which significantly lessens the need
prone to brittle fracture, in particular, impose seriousfor subsequent processing to the final product. This ad-
restrictions on usable deformation methods and procesgéntage is of particular significance for the intermetallic
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alloys that inherently have high yield strength and loweach annealing was in the range of 27-32%. To avoid
ductility over the usual temperature range of hot work-skidding of the material during rolling with the rolls
ing. For instance, flat preforms produced with the Os-Having the small diameter, which would limit the re-
prey process do not need to be hot rolled from slabsduction allowed per pass, no lubricant was applied. The
They can be directly used as blanks for cold rollingmaximum draught was determined in order to estimate
into sheets with a needed thickness, which is a gianthe friction coefficient between the rolls and the mate-
step closer to the final product. rial being rolled.

Inthe present work, the cold rollability of an Osprey- The microstructures of the as-spray-deposited pre-
spray-deposited NAl-based intermetallic alloy was form and the rolled sheets were examined with a
investigated and the parameters of intermediate arNeophote-2 optical microscope. The micrographic
nealing for large reductions were optimized. Further-specimens were etched with a solution consisting of
more, the rolled material was characterized in terms 086% acetic acid, 9% HN§and 5% HF. Tensile prop-
microstructural development and resultant mechanicagrties of the rolled and annealed sheet material with
properties as a function of testing temperature. a thickness of 0.7 mm were determined in the direc-
tion of rolling. The tests were carried out at both room
and elevated temperatures (450-98), in an ambi-

_ZI_'hE’.(pte"m?nIT.al I der i fqati b dent atmosphere and at an initial strain rate of 8.3
e intermetallic alloy under investigation Was baseth o-4 o-1 practure surfaces of the tensile specimens
on the NjAI intermetallic and contained chromium,

. . i .. ' were observed with a Joel JXA-50A scanning electron
boron and zirconium for the improvements of ductility,

L . microscope.
oxidation resistance and strength at room and elevated

temperatures. The material in the form of preform was
prepared by the Osprey Metals in Neath, UK, through3 Results and discussion
remelting the ingots under argon, atomizing the meltltwas found that the spray-deposited intermetallic alloy

W'th hitrogen _and d_eposmng the preform on a rotat-; deed had a considerably high rate of work hardening.
ing substrate in a nitrogen atmosphere. The chemic

" £ th ved pref | ig. 1 shows the variation of the microhardness of the
composition oT the as-recelved pretform was ana yZeq"naterial with the total thickness reductions applied in

and the results are given in Table I. The preform had ‘?nultipass cold rolling. The maximum total reduction

porosity level of 0.25%. It was sliced into plates with a apoli o/ :
! . pplied was 55% in the experiments. However, at total
thickness of 7 mm, a width of 20 mm and a length of reductions above 30%, slight, local cracking on a mi-

60 mm for multipass cold rolling experiments. cro scale already occurred and such a defect will be dis-

_The sliced pIat_es were incrementally cold rolled al a.,ssed later on in this communication. Because of work
thickness reduction of about 0.35 mm per pass with

) : X . q’]ardening, the material had an increasingly high yield
lab-scale Kerma rolling mil havmg'a roll diameter of strength and a reduced ductility, further cold working
86 mm. The response of the material to cold deforma

. . - ; became more and more difficult, eventually impossible
tion was characterized by measuring its microhardne

. . “AWith r Iting in cracks. When a workpi with
at different accumulated reductions so as to determlnet outresulting In cracks en a workpiece with a

its work-hardening behaviour. It was further evaluated
through tensile testing, on the assumption that the yielc' 7900
stress of the material was not sensitive to strain rate )
and that the stress-strain relationship in tensile testin¢
corresponded to that in compression testing. The ob-T
tained tensile stress-strain curve was converted to thi®
true stress-strain curve in order to obtain the mean yielc2 500 - +
stress in plain strain conditions using the von Misesg |
criterion. S 400 -

Intermediate annealing of the material rolled to the &
total thickness reductions of 12, 30 and 55% was per-E
formed at temperatures between 600 and TZD6r 300 +
one hour in an argon atmosphere to search for an op ]
timum annealing temperature. Softening as a result o
recrystallization during annealing was measured with
microhardness at a load of 200 g (1.98 N). With an
optimized annealing temperature obtained, multipass
rolling experiments were carried out till a final thick- Figure 1 Microhardness as a function of total reduction applied during
ness of 0.7 mmwas reached. The total reduction prior t@e cold rolling of the Osprey-spray-deposite¢AliCr alloy.
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TABLE | Chemical composition of the spray-deposited preform (wt %)

Element Al Ni Zr Cr B Si N C S

Concentration 9.34 bal. 0.89 7.38 0.029 0.014 0.0120 <0.005 <0.005
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Figure 3 Variation of the microhardness of the material cold-rolled to
12, 30 and 55% total reductions with annealing temperature to derive an
o] T T T T T optimum temperature for intermediate annealing (annealing time: one
0.0 0.1 0.2 0.3 hour, and atmosphere: argon).
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TR 2
Figure 2 Relationship between the true stress and true strain obtaine(w & !
from tensile testing. 8 I%

-

thickness of 2 mm entered the last pass of rolling with & &
a draught of 0.35 mm before reaching the final 30%#
total reduction, its stress would be about 1630 MPa
see Fig. 2. Thus, its mean yield stress in plane strai
conditions would be as high as 1875 MPa. With the roll

of workpiece could be estimated to be about 9.0 kN/mm= ;
by using the equation:

P./w = 1.20 (RAh)Y?2

where P, is the roll pressurey the workpiece width, Figure 4 Microstructure of the material cold-rollgd to a30% total rgduc-
o the mean yield stres® the roll radius andAh the tlon‘and ann(—_}aled at 118Q for one hour, showing the recrystallized,
thickness reduction. If the correction for roll flatten- equiaxed grains.
ing [7] was considered, the roll pressure per unit width
needed for the reduction would amount to 11 kN/mm.Cantly softened. Atannealing temperatures over@no
With such a high material yield stress, the minimumthe hardness of the 12, 30 and 55% rolled material con-
thicknessTmin achievable would be limited to 0.27 mm verged at 330 Hv from the initial hardness values of
under the present rolling conditions, as estimated by50, 540 and 490 Hv, respectively, as shown in Fig. 3.
the equation: An annealing temperature higher than 11G0could
hardly bring the hardness of the material further down.
Tmin = 80 uR/E Micrography showed that at the annealing temper-
ature of 900C or higher, the material was com-
whereyp is the friction coefficient between the roll and pletely recrystallized with the formation of homoge-
the workpiece, and the Young’s modulus of the rolls  nous, equiaxed grains, as shown in Fig. 4. However,
(whichis about 210 GPa for steel rolls). Apparently, thewith the increase of annealing temperature, a tendency
pressure requirement to roll the intermetallic is muchof grain growth was observed, which was obviously not
higher than that to roll other engineering materials suchiesirable for further deformation. Considering both the
as aluminium alloys and steels, because the intermetagoftening effect and grain size, the annealing tempera-
lic has a higher yield stress and also a higher workture of the material was optimized at 110D for one
hardening rate. It must be noted that Fig. 2 is derivechour. In comparison with the annealing temperatures
from tensile testing, which can only give an indica- of other alloys, it is rather high, indicating a low grain
tion about the response of the material to deformatiorboundary mobility of the material due to constrains im-
during rolling. Nevertheless, it can be seen that with aposed by its long-range ordered crystalline structure.
10% strain the stress of the material will be doubled. With a roll diameter being 86 mm, the maximum
With a 26% strain corresponding to a 30% reductiondraught at which the rolls could accept the workpiece
in rolling, its stress will be tripled. Therefore, for any with no need to be pushed in was found to be 0.30 mm.
further deformation beyond the total reduction of 30%, By using the equation:
intermediate annealing is necessary.
After isothermal annealing of the rolled material at w = (Ah/R)Y?
the temperatures of 600 and 7D for one hour, only
marginal softening occurred. However, at the temperthe coefficient of friction at the interface between the
ature of 800C or higher, the material became signifi- rolls and the workpiece could be estimated to be 0.084.
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This value falls in the range of friction coefficient from
0.04 to 0.4, corresponding to the variation of the rolling
condition from well lubricated high-speed rolling to
dry, rough rolling [8].
Incoldrolling, shape factdr/L isanimportantindex
for deformation homogeneity (wheteis the average
workpiece thickness and the length of the projected
arc of the contact between the rolls and the workpiece)
When the shape factor is smaller than unity, deforma- ="
tion is considered homogeneous across the section of
workpiece. When itis larger than unity, there exist local
secondary tensile stresses on the workpiece in additio
to the compressive stresses in the workpiece. Defor
mation inhomogeneity may lead to internal and exter-
nal defects. Obviously, for a given roll diameter and a
given draught, the shape factor is a function of work-rigyre 5 An example of alligatoring happening to the material which
piece thickness. Over the present range of the workhas undergone too heavy deformation without being annealed.
piece thicknesses from initially 7 mm to finally 1 mm,
the shape factor varied from 1.42 to 0.17. According sgnees
to the criterion of cold-rolling deformation homogene- _J¥ S
ity, it appeared that at the early stages of rolling (first S+ :
. . Yoy wh
passes) when the thicknesses of the workpieces werZ “#8 %
larger than 5 mm, rolling deformation was not homoge- ¥t & ¥
neous, since in this case the shape factor was larger the ,;*;..i )
unity. Indeed, deformation inhomogeneity resulted in g & &
double barrelling on the cross section. During the sub-* W
sequent rolling passes, the overhanging material wa®
not compressed directly but forced to elongate by the .
neighbouring material close to the centre. The tensile
stresses generated would lead to edge cracking if in'%
termediate annealing was not applied at the intervals i
between rolling passes. ' e
Another rolling defect, single barrelling at the edge
of rolled sheets, was observed to occur, when workFigure 6 Optical microstructure of the as-spray-deposited intermetallic
pieces were thinner than 1.5 mm, which was caused bglloy showing equiaxed grains and almost full densification.
lateral inhomogeneity in deformation. This is because
when heavy deformation occurred across the thickdegree of hydrostatic compression on the workpiece
ness of a thin workpiece its centre expanded laterallyvere found to be effective in preventing edge cracking
more than its surface. When barrelling was severe, finfrom occurring. The sheets rolled in such a way were
edge cracking took place. The edge cracks had°a 43ll bright, defect-free and of high surface quality.
angle relative to the thickness direction, indicating the The as-spray-deposited preform had equiaxed grains
tensile stresses in the longitudinal direction were thewith an average size of 40m, as shown in Fig. 6. Pores
cause for cracking. remaining in the preform were very fine and had a typ-
In addition, alligatoring happened to the material thatical size of 5um. After the intermetallic underwent
had undergone a 35% total reduction and was givemepeated rolling with the reduction of thickness from
a further 5% reduction without intermediate anneal-initially 7 mm to finally 0.7 mm (i.e. a 90% total reduc-
ing, as shown in Fig. 5. The large crack at the fronttion for which 18 passes were needed) plus intermediate
edge of the rolled sheet could be attributed to too heavgnnealing at 1100C for one hour, the pores were fully
prior deformation. Deformation inhomogeneity acrossclosed. The microstructure of the rolled and annealed
the thickness, due to tensile stresses generated on theaterial is shown in Fig. 7. The microstructural fea-
surface and compressive stresses in the centre, formedwres of the preform resulting from rapid solidification
torque couple, resulting in cracking. To prevent this de-involved in the Osprey process, namely a bimodal dis-
fect from occurring, rolls with a larger diameter could tribution of they /y’ network structure with individual
be used, leading to a lower value of the shape factodaisy-like flower patterns [6], disappeared. The ordered
so that homoge neous deformation could be created at’ phase and the disordergghase became uniformly
the early rolling passes. For example, by replacing thelistributed, see Fig. 7. The final sheet material had an
presenip 86 mm rolls with¢ 200 mm rolls, the shape average grain size of about L8n.
factor would be lowered from 1.2 to 0.8 win@ 5 mm The tensile properties of the rolled and annealed in-
thick workpiece was given a 7% reduction. On the othettermetallic alloy at room temperature are given in Fig. 8
hand, a larger roll diameter would restrict the achiev-(see the value labels atthe testing temperature o€25
able minimum thickness of rolled sheets. In the experdt must be noted that the tensile elongation at fracture is
iments, auxiliary edge-restraining rolls to increase theas high as 33%, which is obviously contributed by the
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Figure 8 Tensile properties of the material having been cold rolledtoa _ #¥5¢
90% total reduction and annealed. r

0.03% boron additionto the base;Nl alloy. Fig. 8also  §
gives the tensile properties of the rolled and annealec
material at elevated temperatures. It is apparent that th
material exhibits a characteristic correlation of yield
strength against temperature; while the ultimate tensile
strength monotonously decreases with rising temper
ature, the 0.2% yield strength increases to a peak o
730 MPa at 700C and then decreases. This may be at-
tributed to a thermally activated change in the slip sys-#*
tems of the material resulting in additional constrains =
for dislocation motion [9]. The tensile elongation of the
rolled material declines slightly when temperature rises
to 450°C and then hits a minimum at 70Q. It must be
noted that in the present investigation the tensile test: -
were performed in air with a possibility for dynamic ~
oxygen embrittlement to occur. The 7% elongation of
the material at 700C is actually quite high. This is ob-
viously contributed by the 8% chromium addition to the
base NiAl alloy, which promotes the rapid formation
of a protective chromium oxide film to prevent oxygen
from entering the material along grain boundaries.
Fractography revealed a lack of grain-boundary; ,ciire mode.
facets on the surface of the material fractured at room
temperature, suggesting that the fracture mode was

Figure 10 Fracture surface of the material tested at B00showing

Figure 9 Fracture surface of the material tested at room temperature

dimples and also intergranular facets as a result of fracture in a mixed

mainly transgranular, as shown in Fig. 9. The fracturepersisted in the material fractured at temperatures up
surface was observed to be about iative to the ten- to 600°C, as evidenced by equiaxed dimples on the
sile direction, corresponding to the plane of the max-racture surface (Fig. 10). These dimples indicate that
imum shear stress. These ductile fracture features arfeacture occurred through the coalescence of transgran-
consistent with the measured tensile elongation valuelar microvoids, which were initiated at existing inter-
of 33% at room temperature. Such a fracture modenal structural discontinuities such as prior porosity and
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Figure 11 Fracture surface of the material tested at 90&howing the
typical intergranular fracture mode.

inclusions. As local stresses increased, the microvoids
grew, coalesced and finally formed a continuous frac

ture surface. It was also noticed that at the testing te
perature of 600C, intergranular fracture started to take
part in the fracture process, resulting in a mixed mod

temperature increased over 7@) the fracture mode

changed from transgranular to completely intergran
ular. Fig. 11 shows the fracture surface of the mate

3. With the optimized intermediate annealing, a
workpiece can go through 18 passes of cold rolling with
its thickness being reduced from initially 7 mm down to
0.7 mm (a 90% total reduction). The rolled sheets are
bright, defect-free and of high surface quality. How-
ever, an inadequate annealing parameter or a too large
reduction or a too high shape factor will lead to such
defects as barrelling, edge cracking and alligatoring.

4. The as-spray-deposited intermetallic has homoge-
nous, fine grains. After the material is cold rolled from
7 mm thick plates through multipasses into 0.7 mm
thick sheets and annealed at 12@0for one hour, the
initial microstructural features resulting from rapid so-
lidification involved in the Osprey process are removed.
The ordered/’ phase and the disordergdphase be-
come uniformly distributed. And the average grain size
is reduced from 40 to 18m.

5. The rolled and annealed intermetallic alloy has a
yield strength of 570 MPa and an elongation value of
33% at room temperature, as contributed by its homo-
geneous, fine-grain structure and the presence of boron.
Its yield strength becomes even higher at 70Qvith a
relatively high tensile ductility. Fracture mode changes
from predominantly transgranular ductile fracture at
low temperatures to intergranular brittle fracture at tem-
peratures above 65C. Consistently, over this temper-
ature range, the tensile ductility is decreased from 33
to 7%.

6. The spray-deposited MI-Cr intermetallic alloy

‘exhibits a quite reasonable cold rollability and excellent
Mhechanical properties, which enhances its acceptabil-

ity as a promising sheet material for high-temperature

Spplications.
of fracture on the fracture surface. With tensile testing PP
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