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oz

Bu calismada SHS yontemiyle iiretilmis olan tabakalt NiAl(Co/Cr)alasimmin mikroyap:r ve gozenek oranina
sikistirma basinct, 6n 1sitma ve alasimlamanin etkisi incelendi. % 50 Ni-%50 Al tozlarina her tabakaya %3, %6 ve
%10 Co ve Cr tozlar1 ilave edilerek 300 dev/dk hizinda 12 saat siireyle doner bir kap igerisinde karigtirildi. Karistirilan
tozlar bir kalip icerisinde soguk presle 50,100 ve 200 MPa basingla briketlendi. Elde edilen ham numuneler daha sonra
argon atmosfer kontroliindeki bir odaciga alinarak 6n 1sitmasiz ve 250 °C 6n 1sitmali olarak ateslenerek sentezlendi.
Yanma reaksiyonu ile sentezlenen numunelerin mikroyapilari, elementel analizi ve faz analizi SEM-BSE, EDS ve
XRD cihazlariyla incelendi. EDS analizi sonucunda en yiiksek degerde Ni elementinin oldugu, bunu takiben Al ve
alagima gore Co ve Cr oldugu belirlendi. Faz bilesenlerini belirlemek icin yapilan XRD analizinde ise en yiiksek pik
degerlerin NiAl oldugu, diisiik degerdeki piklerin NisAl ve NiAlz oldugu tespit edildi. Yapilan yogunluk hesaplamalari
sonucunda gozenek oranini etkileyen en dnemli parametrenin sikistirma basincinin oldugu, bunun temel nedeninin
basincinin artmasiyla tozlarin birbirine temasinin artmasi sonuncunda yanma reaksiyonun kesilmeden ilerlemesi,
ergimis tozlarm yer degistirme firsati olmadan katilasmasimdan kaynaklandig1 diisiiniilmektedir. En yiiksek gézenek
degerleri 6n 1sitmasiz 50 MPa basinca sahip numunelerde olustugu belirlendi.

Keywords: NiAl, NiAICoCr, nikel aliiminat, SHS, gozeneklik.

The Effect of Process Parameters on Microstructure
and Porosity of Layered Ni1AI(Co/Cr) Alloy Produced
by SHS Method

ABSTRACT

This paper deals with the investigation of microstructure and porosity of layered compounds of NiAl(Co/Cr) powders by SHS
method. Layers of 50% Ni-50% Al powders were mixed with 3%, 6% and 10% of Co and Cr powders. These were mixed for 12
hours in a rotational container with a speed of 300 rpm. Mixed powders were cold compressed in a mould with pressures of 50,
100 and 200 MPa. The obtained samples were then synthesized in an argon controlled atmosphere with and without preheating to
250 °C. The microstructure of synthesized samples was analysed using SEM-BSE, EDS and XRD. The EDS results showed that
the samples were containing Ni in majority along with Al, Co, and Cr. To determine the phase components, XRD spectra was
analysed and the peaks of NiAl, NisAl, and NiAls were confirmed with NiAl having the highest peak intensity. The density
calculations showed that the ratio of pores was affected the most from pressure. The main reason for this was attributed to the better
contact of the powders under higher pressure which helped an uninterrupted reaction. The highest pore ratio values were obtained
from samples produced under 50 MPa pressure.

Keywords: NiAl, NiAICoCr, nickel aluminide, SHS, porosity.

1. INTRODUCTION resistance to elevated temperatures and aggressive

Intermetallic compounds are promising materials due to ~ €nvironments, FeAl, FesAl, NiAl and NisAl are
their high temperature oxidation resistance, excellent ~Promising materials among intermetallic aluminides [2].

thermal stresses and low density [1]. Due to their In the binary phase NiAl diagram, intermetallic
compounds of NiAls, Ni2Als, NisAls, NiAl, and NisAl are

*sorumlu yazar (Corresponding Author) present. Of these intermetallic compounds, NiAl and
e-mail : ibrahim.biliz@batman.edu.tr NisAl are the most stable structures of the system [3, 4].
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The production of intermetallic compounds can be
performed by powder metallurgy methods, casting and
conventional melting processes. On the other hand, the
SHS (self propagating high-temperature synthesis)
method is one of the powder metallurgy methods that is
fast and does not require expensive equipment. There is
no need for external heating since the synthesis is
performed by self-propagation. This method allows the
formation of desired shapes quite successfully [5].

Combustion synthesis, or reaction synthesis, is a method
that helps obtaining a desired product in a short time. In
other words an exothermic reaction occurs in the first
instance of providing enough energy to the raw metal
powders. Compared to conventional powder metallurgy
methods, SHS method requires less time along with
being a cheaper, cleaner and easier process. In the SHS
process, the sample is ignited to create a burning wave.
This combustion reaction produces exothermic heat,
allowing the combustion wave to propagate through the
sample [4, 6, 7]. However, the microstructure of
materials produced by reaction synthesis contains a
significant number of pores. Formation of gases due to
impurities that have low boiling points and the expansion

of NiAI-NizAl phases at high temperatures leads to pore
formation. In case of severe reactions, an explosion can
also be observed in the briquette. If the product melts at
the combustion temperature as in NiAl, the porosity
induced by the solidification shrinkage may occur [4].

The main problem in intermetallic research is that the
compounds such as NiAl are brittle, which introduces
restriction in shaping. [8].Therefore, finding a solution to
those limitations is an important part of this research
field. However, in this study rather than focusing on
finding a solution to aforementioned problem, the
porosity ratio was investigated since this parameter
affects mechanical and thermal properties of the formed
material [8, 9].

The manufacturability of NiAl alloy was investigated by
adding 3%, 6% and 10% layers of Cr which is stated to
increase toughness and ductility and Co which is stated
to increase the hardness and porosity of the samples
according to the changing parameters [8, 9, 10, 11, 12].
Also, SEM-BSE and optical microscopy were used to
determine the microstructure. Elemental analysis and
phase analysis were performed by EDS and XRD

Table 1. Physical properties of metal powders used in the experiments

Powder Size

Materials Purity (%) (mesh) Melting Temperature (°C) Specific weight (gr/cm?)
Aluminium 99.99 325 660 2.700
Nickel 99.99 325 1453 8.908
Cobalt 99.99 325 1495 8.920
Chromium 99.99 325 1875 7.190
Table 2. Atomic and mass ratios with theoretical densities of mixtures of metal powders
Powder Metal Mixture Atomic Ratio Mass Ratio Theorgt.ical
Densities

NiAl 50% Ni, 50% Al 76.74% Ni, 23.26% Al 5.804
NiAIC0(3%) 48.5% Ni, 48.5% Al, 3% Co 73.26% Ni, %22.21 Al, 4.53% Co 5.848
NiAICr(3%) 48.5% Ni, 48.5% Al, 3% Cr 73.91% Ni, 22.40% Al, 3.69% Cr 5.846
NiAICrCo(1.5% -1.5%) 48.5% Ni, 48.5% Al, 1.5% Co, 1.5% Cr 73.58% Ni, 22.30% Al, 2.27% Co, 1.84% Cr 5.872
NiAIC0(6%) 47% Ni, 47% Al, 6% Co 69.90% Ni, 21.18% Al, 8.92% Co 5.990
NiAICr(6%) 47% Ni, 47% Al, 6% Cr 71.12% Ni, 21.55% Al, 7.33% Cr 5.890
NiAICrCo(3%-3%) 47% Ni, 47% Al, 3% Co, 3% Cr 70.53% Ni, 21.38% Al, 4.49% Co, 3.63% Cr 5.940
NiAIC0(10%) 45% Ni, 45% Al, 10% Co 65.56% Ni, 19.88% Al, 14.56% Co 6.110
NiAICr(10%) 45% Ni, 45% Al, 10% Cr 67.45% Ni, 20.45% Al, 12.10% Cr 5.940
NiAICrCo(5%-5%) 45% Ni, 45% Al, 5% Co, 5% Cr 66.49% Ni, 20.15% Al, 7.38% Co, 5.96% Cr 6.030
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2. MATERIALS AND METHODS

Metal powders of Ni, Al, Co and Cr used in this study
were purchased from a commercial supplier. Each stage
of the experiment was carried out in the Argon
atmosphere. The first sample was prepared using atomic
ratios of 50% Ni and 50% Al. 3%, 6% and 10% of Co
and Cr were added to prepared Ni-Al mixture. Table 1
provides information on these metal powders.

Metal powder combinations were mixed for 12 hours at
300 rpm in a mixer [13]. Calculations of the atomic and
mass ratios and theoretical density of mixtures of Ni, Al,
Co and Cr metal powders are given in Table 2.

The powder mixtures obtained at the end of this process
are compressed into a cylindrical mold using cold press
at 50 MPa, 100 MPa and 200 MPa. Mixture densities
were calculated and taken into account in order to obtain
the same volume of layers. The porosity of the porous
samples calculated with equation [14]:

m @)
f=1-77

In the latter equation RPW% stands for percentage ratio
of weight and ARP is described as atomic ratio
percentage. Figure 1 (b) shows the schematic view of raw
samples made from 3%, 6% and 10% alloy admixtures in
NiAl alloy layers along with the process diagram to
achieve it.

An ignition unit was designed to be used for ignition and
pre-heating of the pressed samples in the argon
atmosphere. This ignition unit consists of preheating
chamber, ignition center and reservoir, along with
temperature control knob and argon gas inlet-outlet
sections. The SHS based production method is depicted
in Figure 1 (b) [15]. Samples were classified into two
groups. The first group was treated with preheating to
250° C. The other group was not preheated.

The compacted samples were fired in the synthesis
chamber with external heat under an argon atmosphere.
The theoretical density of the mixtures and the density of
the raw samples were obtained. Then, these values were
compared to the density of the samples after the
synthesis. The porosity to volume ratios of the
synthesized samples were determined by weight and size
measurements as the samples had regular geometries.
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Figure 1. a) Schematic view of raw samples, b) Sample production process diagram

where f stands for pore percentage, m is sample weight,
d is theoretical density of the sample and v is porous
sample volume. The theoretical density of the porous
samples calculated by equation [14] :

_dy+d,++d,
v v+t

@)

where d is density v is volume. The ratio of porous
samples (weight percentage ratio) calculated by equation

[14
RPW,% =
_ d, * ARP;
dy * ARP, +d, * ARP, +---+d, * ARP,
* 100

®3)

Samples were cut on the cutting disc for metallographic
analysis after synthesis. The cut samples were polished
using 240, 400, 600, 800, 1000 and 1200 mesh abrasives.
After this process, the samples were polished with
polishing broadcloth using a 1 pm diamond paste
solution for final polishing. 33% HF, 33% HNO3, 33%
water solution was used for 15 seconds to perform
microstructure analysis of the polished samples [13]. For
the microstructure analysis of samples after etching, a
Leica optical microscope and a Jeol JSM-5410LV brand
SEM-BSE device were used. The elemental analysis of
the samples was performed by a Jeol JSSM-5410LV EDS
device and the phase components were detected with a
Rigaku brand XRD device.
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3. RESULTS AND DISCUSSION

In this study, different samples were obtained by
changing the compression pressure, preheating
temperature and reinforcement ratios, which were
selected as variables in the process parameters. The
porosity of these samples is given in Table 3. The graphs
of these values are shown in Figure 2.

As the compression ratio increases, the contact of the

powder particles to each other increases and the porosity
decreases (14). In addition, the increase in contact is

On the other hand, preheating at 250 °C before the
synthesis increased the porosity. It is thought that the
expansion due to the heat energy given in the raw state
increases the porosity due to the fact that the samples do
not have time to shrink, together with the rapid rate of the
synthesis reaction. Co and Cr additions with different
ratios have been determined to increase the porosity in
different ratios. However, the Cr addition alone
decreased the porosity while the Co addition increased
the porosity. This supports the data in the literature [12,
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Figure 2. Pore ratios of the samples

thought to prevent the formation of pores by allowing the
raw powders to burn without falling into the cavities
during synthesis.

16, 17]. The SEM-BSE images, the optical microscope
images and the XRD of the NiAICo alloy are shown in
Figure 3, of the NiAICr alloy are shown in Figure 4 and
of the NIAICrCo alloy in Figure 5 and the EDS
measurements shown in Table 4.

Table 3. Pore ratios of samples

Pressure (MPa) . . Pore Ratio
Without Preheating (23 °C) Pre-heated (250 °C)
50 31.64 32.87
NiAICr 100 25.69 25.92
200 18.60 18.97
50 32.53 33.19
NiAICo 100 27.69 28.23
200 20.06 20.90
50 31.29 32.04
NiAICrCo 100 26.95 27.28
200 17.90 18.35
50 31.63 32.60
NiAl 100 27.17 27.81
200 20.03 20.40
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Figure 3. a) SEM, b) BSE and c) Optical microscope images, d) XRD and €) EDS measurements of NiAICr alloy

165



Ibrahim BILiZ, Adem BAKKALOGLU, Musa KILIC / POLITEKNIK DERGISI, Politeknik Dergisi,2020;23(1): 161-169

a)

N

NoAl N i
|

| (1

' NiAl

A

| |\ N A
- \'W Vo v Wirretineed’ P

b} 8 ] ] 9

e)

pectrum?

[Cursor=
ert=116

Window 0.005 - 40.855=

4542 cnt

Figure 4. a) SEM, b) BSE and c) Optical microscope images, d) XRD and e) EDS measurements of NiAlCo alloy
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Figure 5. a) SEM, b) BSE and c) Optical microscope images, d) XRD and €) EDS measurements of NiAICrCo alloy
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Table 4 . EDS analysis of NiAICr, NiAICo and NiAICoCr alloys

Intensity Concentration wt.%
Element NiAICr NiAICo NiAICoCr
NiAICr NiAICo NiAICoCr
(cls) 2-sig (cls) 2-sig (cls) 2-sig
Al 18.72 1.580 21.1 1.677 17.00 1.505 16.891 15.141 13.771
Cr 16.98 1.505 5.69 0.871 10.686 4.011
Co 8.88 1.088 332 0.694 9.942 4571
Ni 46.26 2.483 55.49 2.720 50.90 2.605 72.423 74.917 77.648

Raw porosity, pre-heating temperature, gas formation
during the reaction, thermal migration, volume reduction
of the reactants and the difference in diffusion between
the elements are effective in the formation of pores. Part
of the gas is trapped due to increasing external pressure
while part of the gas is leaving the sample. In addition,
shrinkage occurs when the alloy is formed. During
shrinkage, the gas may leak and be trapped in the sample.
The samples consist of closed pores and small chambers
after this process. When the shrinkage is not fully closed,
the chambers open to each other or to the canals by
narrow passages. Thus, small open pores are formed. The
shapes of the pores can be in different forms. As can be
seen from SEM images of porous NiAl with 30% and
14% Al content sintered at 1000 °C from a previous
study[17], pore size of NiAl alloys is generally greater
than NisAl pore size. And it has been reported in the
studies that Al content has a great effect on the pore
structure of aluminide intermetallic. They also stated that
the total pore ratio of NiAl (50%) was greater than
NizAl’s(30%) as a result of the measurements made by
Archimedes method in water.

Figure 2, Figure 3 and Figure 4 shows SEM and optical
microscope images taken in this study. The formation of
large and small pores can be determined from those
images. This is attributed to the escape of the gases that
trapped between powders during the combustion
reaction. Also, low compacting values can lead to
formation of such structures [3]. In the EDS elemental
analysis taken from the 10% Co addition sample,
74.917% Ni, 15.141% Al and 9.942% Co were
determined and from the 10% Cr addition sample, 72.4%
Ni, 16.9% Al and 10.7% Cr were detected. In the EDS
elemental analysis taken from 5% Co and 5% Cr added
samples, 77.6% Ni, 13.8% Al, 4.5% Co and 4% Cr were
determined. According to these EDS data, it can be said
that metal powders are homogenously distributed within
the structure. In the XRD analysis of the same samples,
the highest NiAl and NisAl phases and a low ratio of
NiAls phase determined in NiAl-Cr alloy, the highest
NiAl and a low ratio of NisAl and NiAl; phases
determined in NiAl-Co alloy, and the highest NiAl
andlow ratio of NizAl in NiAI-CoCr alloy.

4. CONCLUSIONS

In this study, the manufacturability and the porosity ratio
of NiAl alloy was investigated by adding 3%, 6% and
10% of both Cr and Co layers. Layered NiAl (Co / Cr)
intermetallic compound was successfully produced with
SHS method by using different combinations of process
parameters such as pressure and preheating. SEM, EDS
and XRD analysis were performed and the porosity ratios
were examined. The following characteristics of samples
were observed;

1. As expected, the porosity in each of three
separate samples decreased with increasing
pressure.

2. The porosity of the preheated samples partially
increased.

3. Adding Co relatively increased the porosity
while adding Cr decreased it. In the case where
these two elements were added together, the
pore ratio increased near the average.

4. The addition of Co had a reducing effect on the
secondary phase formation alongside NiAl.

5. The addition of Cr provokes the formation of
NisAl phase along with NiAl phase.

6. According to density calculations, it can be seen
that the compression pressure is the most
effective parameter that changes the porosity.
The main reason for this is thought to be the
increase in contact points of powders with
increasing pressure resulting in an uninterrupted
combustion reaction. Therefore, the molten
powders solidify without the possibility of
displacement.
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