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INFLUENCE OF HEAT TREATMENT ON THE STRUCTURE AND MECHANICAL PROPERTIES OF Ni;Al - BASED ALLOYS

WPLYW OBROBKI CIEPLNEJ NA STRUKTURE I WEASCIWOSCI MECHANICZNE STOPOW NA OSNOWIE FAZY

MIEDZYMETALICZNE] Ni;Al

This study investigates two NizAl — based intermetallic alloys containing differing amounts of zirconium, boron and
chromium. Gradual homogenisation was accomplished through long-lasting annealing, up to 100 hours, at 1000°C or 1200°C
in air or argon atmospheres. A higher level of homogeneity of the cast without chromium alloy was obtained in comparable
heat treatment conditions. Annealing temperature has an essential influence on the homogenisation process of the investigated
alloys. This influence is much more essential than annealing time and environmental conditions. These treatment conditions
are critical for microstructure, as well as the properties of the investigated alloys.

For matched conditions of plastic working an optimum level of strain hardening was obtained . This did not cause a loss
of cohesion in the investigated alloys, but it was sufficient to start a recrystallisation process. The fine-grained structure of the
investigated alloys is responsible for the improvement in their mechanical properties.
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W pracy przedstawiono badania dwdch stopéw na osnowie fazy mi¢dzymetalicznej NizAl o réznej zawartosci cyrkonu,
boru i chromu. Dlugotrwale wygrzewanie w czasie do 100 godzin w temperaturze 1000°C i 1200°C w atmosferze powietrza
lub argonu prowadzi do stopniowego ujednorodnienia sktadu fazowego badanych materiatéw.

W poréwnywalnych warunkach obrébki cieplnej uzyskano, dla materiatu bez zawarto$ci chromu zdecydowanie wigkszy poziom
jednorodno$ci. Stwierdzono, ze temperatura wygrzewania ma istotnie wiekszy wptyw niz czas procesu na strukture i wlasciwosci

badanych stopéw.

Scisle okreslone parametry obrébki plastycznej pozwolily na uzyskanie, bez utraty spéjnosci, poziomu umocnienia wy-
starczajacego do zajscia procesu rekrystalizacji w calej objetosci badanych materiatéw. Tak uzyskana, drobnoziarnista struktura
osnowy badanych stopdw istotnie polepsza ich wlasnosci wytrzymatosciowe.

1. Introduction

Dynamic development of technology and miniatur-
ization of systems and devices (among others: MEMS
— Micro Electro — Mechanical Systems, MECS — Mi-
crotechnology — based Energy and Chemical Systems)
lead to impeding of operational conditions of structural
elements, often in the range exceeds the capabilities
of currently used steels, as well as high-temperature
creep-resistant alloys [1]. Implementation of advanced
technologies is frequently limited by a lack of suitable
structural materials that could meet necessary opera-
tional conditions. Because of their properties, this prob-

*

lem can be solved by alloys based on ordered intermetal-
lic phases, such as NizAl alloys [2-4].

When compared to a competitive group of
nickel-based super-alloys, intermetallic NizAl phase al-
loys exhibit high strength at high deformation velocity
and elevated temperature, high resistance to oxidation
and carbonisation at elevated temperatures, and much
better fatigue strength so that they crack more slowly
than other intermetals. Common application of these al-
loys has introduced quite a few technological drawbacks,
mainly related to insufficient plasticity and a tendency to
brittle cracking [2-4].

So far, alloys based on intermetallic NizAl phase
have many applications in the automotive and aircraft
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industries and in metallurgical engineering. They are
used mainly in elements for turbocompressors, valves,
valve-seats and cylinder sleeves of combustion engines.
These include AP Cummins Engine Company and PCC
Airfoils. These alloys are also used in die blocks and
press-forming dies and in fittings in furnaces for thermo-
chemical treatment, such as at General Motors and Oak
Ridge National Laboratory. After directed crystallisation,
alloys can be used for the blades of reaction engines by
General Electric and the Beijing Institute of Aeronautical
Materials [2-4,10].

This paper is devoted to the analysis of intermetallic
NizAl phase alloys after heat treatment with the aim of
improving plasticity. Two gravity cast alloys were select-
ed for testing. Their differences in chemical composition
determine their properties, especially plastic deformabil-

ity.

2. Experimental procedure

Two alloys based on intermetallic Ni; Al phase were
investigated. The first alloy (NizAl (Zr, B)) contains
in the form Ni-22.13AI1-0.26Zr-0.1B. The second alloy
Ni3Al (Cr, Zr,B) contains in the form Ni — 22,21AIl —
7,39Cr — 0,41Zr — 0,19B (at.%).

Material was obtained by shell casting without di-
rectional solidification. While in as-cast condition, the
samples were annealed in a temperature range of 1000
to 1200°C for 50 to 100 hours in air or argon. Analysis of
the alloy microstructures was carried out using scanning
electron microscopy as well as light microscopy, with el-
ements of quantitative metallography. The samples were
analysed by electrodischarge machining to measure me-

chanical properties including microhardness, and static
tensile and impact tests were applied as well.

Microhardness tests were carried out using the Vick-
ers method with a load of 0.98 N applied for 10 s. Mea-
surements were performed 10 times for each kind of
phase. Tensile tests were performed in air at room tem-
perature and at a constant strain rate of 10s~! using an
Instron 8501 machine.

Impact bending tests were performed according to
the EN 10045-1 standard in order to determine the influ-
ence of microstructure on the materials’ ability to absorb
energy. Samples of 10 x 5 mm transverse sections with
a V notch were used for tests. The tests were carried
out at a temperature of 23°C using an Instron-Wolpert
impact hammer at an energy of 300 J and a dropping
speed of 5.5 m/s.

The tested material was cold worked and
recrystallisation-annealed in order to analyse the im-
provement in plasticity of the investigated alloys, via
refinement of the matrix structure.

3. Results of investigations

Intermetallic NizAl (Zr, B) in as-cast condition ex-
hibits a diphase dendritic structure (Fig. 1b) that contains
[11-13]:

e coarse dendritic crystallites of average equivalent di-
ameter on the order of 4 mm. The crystallites are

of the ordered secondary solid solution, based on a

Ni3zAl intermetallic phase (known as gamma prime
phase (y’)) as an alloy matrix

e interdendritic zones filled with a mixture of ¢’ phase
and disordered solid solution of aluminium in nickel

lattice (known as gamma phase (y)).
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Fig. 1. Phase diagram (a) and SEM microstructures of as-cast condition of intermetallic alloys based on: b) Ni3;Al (Zr, B) and c) Niz;Al (Cr,

7Zr, B)

Intermetallic NizAl (Cr, Zr, B) in as-cast condi-
tion exhibits a complex, triphase dendritic structure that
builds up the following structure (Fig. 1c) [11-13]:

e ¥’ phase type of stoichiometric NizAl white zones
as the basic component of the matrix,
e a mixture of y’ + B (NiAl type) intermetallic phas-



es, with dark zones with lamellar morphology filling
interdendritic zones,

e a mixture of y/, + ¥ phases, where y/ phase is a
v’ type but considerably enriched in chromium, or
gray zones, as a second component of the matrix.
Homogenisation of the NizAl (Zr, B) alloy at a

temperature of 1000°C for up to 100 hours in an air

atmosphere leads to partial phase homogenisation. This
shows up as a gradual decrease of the superficial fraction

273

of diphase zones (y +7’). After 100 hours of annealing,
this fraction amounts to 20% (see Fig.2b).

When annealing at a temperature of 1200°C in both
air and argon atmospheres, total homogenisation of the
alloy structure to the y’ phase occurs after only 50 hours
(see Figs. 1b and 2a). Thus, the annealing temperature
plays a more important role than the annealing time for
the phase composition homogenisation of the investigat-
ed alloy.
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Fig. 2. SEM microstructures of investigated intermetallic alloys: a) NizAl (Zr, B) after homogenisation at 1000°C/100h/air, b) NizAl (Zr, B)
after homogenisation at 1200°C/50h/argon and c) Ni3Al (Cr, Zr, B) after homogenisation at 1200°C/100h/argon

Homogenisation annealing of the NizAl (Cr Zr, B)
alloy, when carried out for up to 100 hours at tempera-
tures of 1000°C and 1200°C in air or argon atmospheres,
gave rise to little change in the morphology and dimen-
sions of the interdendritic zones occupied by diphase
(y’> + B) areas (compare Figs. 1c and 2c). There was
also a reduction in the level of strengthening of individ-
ual structural phases, with significant increase in micro-
hardness of microregions filled by a mixture of (y’ + )
phases. This occurs from approximately 400 HVO,1 to
540 HVO,1 after annealing in an air atmosphere at a tem-
perature of 1200°C. This phenomenon is caused by the
environment. The authors of works [5-7] connected such
behaviour with the effect of the oxygen atoms, which
diffuse at high temperature along the grain boundaries.

Static tensile test (room temperature, air atmosphere)
In order to determine the influence of heat treatment

on the mechanical properties of the investigated alloys,

a static tensile test for limiting material conditions was

performed as follows:

e NizAl (Zr, B) alloy — casting and annealing for 100
hours at a temperature of 1200 °C, in argon atmo-
sphere,

e NizAl (Cr Zr, B) alloy — casting and annealing for
100 hours at a temperature of 900 °C in an argon
atmosphere, and annealing for 100 hours at a tem-
perature of 1000°C in an air atmosphere.

A Ni3Al (Zr, B) alloy, in as-cast condition, is char-
acterised by 7% relative elongation for 340 MPa tensile
yield strength and an ultimate tensile strength limit of
540 MPa (Table 1). Homogenisation for 100 hours at
a temperature of 1200°C in an argon atmosphere gives
an improvement in alloy plasticity. The results indicate
a 10% decrease in yield point, down to 300 MPa, and
a greater than twofold increase in relative elongation.
When compared to the as-cast condition, a 40% in-
crease in the material tensile strength was observed in
the processed alloy. Tension graphs for materials without
a physical yield point were obtained.

Tensile fracture analysis of as-cast and homogenised
NizAl (Zr, B) alloy showed a complex character. Zones
of intercrystalline, often interdendritic, and transcrys-
talline cracking, with many fragments occurring due to
cleavage cracking, were seen in a significant part of the
plastic strained regions. These regions were larger for
materials that had been homogenised (see Fig. 3).

Flat dendrite branches of the Ni3; Al phase, observed
as dispersive matrices of (y + y’) eutectic release, were
seen during static fracture of coarse-grained as-cast sam-
ples (Fig. 3a). Sample fractures after homogenisation do
not reveal symptoms related to dendritic structure. This
confirms the effectiveness of the annealing process car-
ried out at 1200°C for 100 hours in argon. Favourable
effects were also seen with respect to material cracking
after annealing (Fig. 3b).
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Fig. 3. The structure of fractures obtained in the static tensile tests for NizAl (Zr, B) alloy at room temperature in air: a) as-cast condition,

and b) after homogenization 1200°C/100h/argonium

A static tensile test of the NizAl (Cr, Zr, B) alloy
was performed at room temperature in an air atmosphere.
It did not show a substantial change in a tensile strength
for the as-cast alloy compared to the alloy annealed at
900°C/100h/air. However, the tensile strength value in-
creased by about 65 MPa (10%) for the alloy annealed
in argon.

Homogenisation at 1200°C/10h/argon reduced the
relative yield point from 515 MPa for the alloy in as-cast
condition to 380 MPa after annealing in air, and 380
MPa for the alloy annealed in argon. There was a simul-
taneous increase of relative elongation from 1% for the
material in as-cast condition up to 5% for the material

after homogenisation. Tension graphs, typical for brittle
materials without a physical yield point, were obtained
for the investigated material.

Microfractographic analysis revealed that the as-cast
NizAl (Cr, Zr, B) alloy fracture demonstrates a fair-
ly typical, brittle character, with clear signs of cracking
along crystallite boundaries as well as mixed cracking. A
higher fraction of intercrystalline cracking was observed
on fracture surfaces for samples after homogenisation in
air. After homogenisation of the samples in argon, sur-
face sections of 100-200 um in size with clear cleavable
failures were observed (Fig.4), apart from cracking along
crystallite boundaries.

Fig. 4. The structure of fractures obtained in the static tensile tests for NizAl (Cr, Zr, B) alloy at room temperature in air: a) as-cast condition,

and b) after homogenization 1200°C/10h/argon
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TABLE 1
Comparison of tensile properties of coarse-grained NizAl alloys (room temperature tests, in air atmosphere — mean value from five tests)
Materials conditions UTS [MPa] | TYS [MPa] | Elongation [%] | KV300/5 [J/cm?]
as cast 540+40 340+21 T£2 105+3
Ni;Al (Zr, B) after homogenization
alloy 1200°C/100h/air - - - 130+10
after homogenization
1200°C/100h/argon 760+35 300+30 16£3 145+4
as cast 600+50 515+42 1+0,5 9,5+1
Ni;Al (Cr, Zr, B) after homogenization
alloy 900°C/100h/air 590+35 400+40 2+0,2 3,5+£0,5
after homogenization
1200°C/10h/argon 660+25 380+22 5+1 -

UTS - ultimate tensile strength, TYS — tensile yield strength

Impact bending test (at room temperature, in air atmo-

sphere)

In order to find an determine the influence of heat
treatment on the dynamic behaviour of the investigated
alloys, evaluation of energy absorption capability in an
impact test for limiting material conditions was attempt-
ed. The test parameters included:

e NizAl (Zr, B) alloy — an as-cast sample is annealed
for 100 hours at a temperature of 1200°C in an argon
or air atmosphere,

e NizAl (Cr, Zr, B) alloy — an as-cast sample is an-
nealed for 100 hours at a temperature of 1200°C in
an argon atmosphere
After homogenisation, an improvement in ductility

of greater than 40% was observed for the NizAl (Zr,

B) alloy (Table 1). A high impact strength KV300/5 in

a range of 105 to 145 J/cm?, as well as a very good

repeatability of test results for individual fractured sam-

ples, for the coarse-grained cast material was obtained.

Typical, representative graphs for the force and break-

ing energy courses versus hammer point path, starting

from the contact with a fractured sample surface, were
obtained and are presented in Fig. 5 for the two investi-
gated NizAl (Zr, B) alloys. The shape of the force change
shows that, for the as-cast sample, the increment and next
drop (from the maximum) of the force necessary to frac-
ture the sample were more dynamic than for samples af-
ter homogenisation (Fig.5a i 5c). The investigated alloy,
even in the as-cast condition, presents high deformabil-
ity during dynamic bending, which is clearly seen even
at macroscopic observation of fractures obtained during
the impact test (Fig. 5b). The fracture microstructure
is weakly related to the dendritic composition. This is
probably due to a large fraction of diphase (y + ’)
zones in the interdendritic regions for the as-cast condi-
tion. These regions shorten the path for easy growth of
cracks and cause the development of numerous, multi-

system slip bands presented in the fracture. Plastic strain
of the fracture zones was increased for samples after
homogenisation (Fig. 5d). The fracture surface is more
developed since a decrease in the fraction of diphase (y
+ ¥’) zones increases homogeneity, and a tendency to
transcrystalline cracking of post-dendritic areas. Simul-
taneously, this drop in the fraction of diphase zones in-
creases material deformability. Fractures that developed
exhibited a significant fraction of high plastic strain re-
gions for applied dynamic bending.
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Fig. 5. Typical graphs for the cracking process and fracture surfaces obtained in dynamic bending of the Ni3;Al (Zr, B) alloy: a), b) as-cast
condition, c), d) after homogenisation 1200°C/100h/argon; F — force, W — energy of breaking

For the Ni3Al (Cr, Zr, B) alloy, low values of mea-
sured impact strength were found (Table 1). This points
to a decrease of material ductility as a result of the
homogenisation treatment. Such effects can be related
to the unknown role of atmosphere, during homogeni-
sation, on the retardation of morphology changes in
diphase (y’ + B) regions. It is likely that an increase
in (y’ + B) region hardness appeared after homogeni-
sation in air. Characteristic courses of the force, F, at
the impact pendulum tip, as well as a resulting breaking
energy, W, accompanied by breaking of the NizAl (Cr,
Zr, B) alloy samples are presented in Fig. 6a i 6¢c. A
non-monotonic course for the changes in breaking force
shows the discontinuous growth of a fracture, meeting
a very diversified resistance of individual phases of the
structure along the direction of cracking. Brittleness of
the investigated alloy is confirmed by the macrostruc-
ture of the obtained fractures. Plastic strain of the lateral
section of the broken sample was not observed for any
tested material condition. On the surface of the as-cast

fracture sample, a primary, dendritic structure was re-
vealed, dominated by interdendritic cracking (Fig. 6b).
Deep discontinuities resulted from cleavage cracking of
crystallites oriented, in this case, at large angles with
respect to the fracture plane. On the fracture surfaces
of samples after homogenisation (Fig. 6d), even greater
brittleness is confirmed. This was observed while con-
firming lower impact resistance. Cracking is dominated
by a transcrystalline cleavage along individual crystal-
lites. For the alloy with chromium, an increased tenden-
cy to cleavage cracking, as a result of annealing, in a
crystallite volume is not sufficiently compensated, as it
is for the NizAl (Zr, B) alloy, by improvement in the de-
formability of the zones of the boundaries. This property,
accompanied by an additional increase of microhardness
in the (y’ + B regions, is related to oxidation along grain
boundaries. This phenomenon gives rise to a very low
impact strength for this alloy. Similar influences of oxy-
gen from air were observed by the authors of the papers
[5-7].
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Fig. 6. Typical graphs of the cracking process and fracture surfaces for the NizAl (Cr, Zr, B) alloy: a), b) as-cast condition; c), d) after

homogenisation (1200°C/100h/air), F — force, W — energy of breaking

Heat treatment after additional cold working

Analysis of the possibility of improvement of me-
chanical properties (UTS, TYS) for the investigated al-
loys was obtained by shell casting without directional so-
lidification. Alloy preparation included matrix structure
refinement through cold working and recrystallisation.

Complex tests were performed, including:

e selection of parameters for the individual deforma-
tion process, such as temperature, unit and total
rolling reduction, and deformation velocity, and for
plastic working, including rolling, open die forging
or pressing.

e selection of the parameters of recrystallisation an-

nealing, including temperature, time and annealing

environment.

To obtain a fine-grained matrix structure, a process
is applied, consisting of rolling for as much as 90% of the
cold work and recrystallisation annealing at 1200 °C for
2 hours. This material, despite large differences in plas-
tic deformability compared to the investigated alloys, has
better mechanical properties than the material in as-cast
condition. For the NizAl (Zr, B) alloy, over 200% gain
on UTS and 250% gain on TYS is seen compared to
the as-cast condition. For the NizAl (Cr, Zr, B) alloy, a
20% gain for UTS and 30% for TYS is seen compared to
the as-cast condition. For both alloys, graphs of tension
with clear yield point were obtained.
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TABLE 2
Tensile properties of fine-grained NiszAl alloys, including room temperature test in an air atmosphere. Mean values from five tests are
shown
Materials conditions UTS [MPa] | TYS [MPa] | Elongation [%]
alloy as cast + cold work +1 760,30 | 1250425 3043
No. 1 recrystalization
alloy as cast + colld v.vork + 730435 685420 642
No. 2 recrystalization

UTS - ultimate tensile strength, TYS — tensile yield strength

Based on the results obtained, an original, method
of plastic working was developed in this study to make
NizAl strips with thickness less than 100 um possible
(Fig. 7). The method consists of cold rolling, with the
controlled conditions of the process, such as cold rolling,
rolling rate, etc. This method was described in more de-
tail in a previous paper [11].

Fig. 7. Thin, high strength NizAl (Zr, B) strip (0.08mm x 25mm x
2800mm) obtained by author’s technology

4. Summary

Based on the investigations performed, heat treat-
ment had a significant influence on NizAl (Zr, B) alloy
and a weak influence on NizAl (Cr, Zr, B) alloy. The
heat treatment mainly had an impact on the microstruc-
ture and mechanical properties.

A process of 100 hours of homogenisation at a tem-
perature of 1200°C in an argon atmosphere causes an
improvement in plasticity of the investigated NizAl (Zr,
B) alloy. Microfractographic analysis of the fractures in
this alloy showed that they exhibit complex character and
zones with intercrystalline and transcrystalline cracking.
In many of the fragments, this takes place as cleavage
cracking and is accompanied by a local zone of plastic
strain, which is larger for the material after homogeni-
sation.

Improvement in ductility for the NizAl (Zr, B) alloy
after homogenisation was proven as well in an impact
bending test. Impact resistance tests correspond to the
fractures obtained. It was found that fracture structure
is weakly related to dendritic structure. Numerous mul-
tisystem slip bands were observed. Plastic deformations
in the zones of sample breakage after homogenisation are
much larger, and a fracture surface is more developed.

Annealing of the NizAl (Cr, Zr, B) alloy carried
out for 100 hours at a temperature of 1200 °C in air and
argon atmospheres gives rise to a small change in mor-
phology and the dimensions of diphase (y’ + [3) regions.

A static tensile test of the investigated NizAl (Cr,
Zr, B) alloy at room temperature in an air atmosphere
showed a change in tensile strength for the alloy, when
annealed at 1200 °C/10 h/argon. In comparison to the
as-cast condition, the yield point decreased by about
25%, and tensile strength value increased by about 10%.
Microfractographic analysis revealed a greater fraction
of intercrystalline cracking, which was observed on frac-
ture surfaces for samples after homogenisation in air.

For the NizAl (Cr, Zr, B) alloy, low values of mea-
sured impact strength were found. This points to a de-
crease in material ductility as a result of homogenisation
treatment. Such an effect can be imputed to an increase
in (y’ + ) region hardness, appearing after homogenisa-
tion in air. This is related to the phenomenon of oxidation
along grain boundaries. Brittleness of the investigated
alloy corresponds to the macrostructure of the fractures
obtained. For all tested material conditions, plastic strain
of the lateral section of the broken samples was not ob-
served.

Additionally, through cold working by rolling and
annealing, a fine-grained matrix structure of alloys in
the form of thin strips with thickness less than 100 um
was obtained. This material possesses better mechanical
properties than material in the as-cast condition.
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