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There is a constant demand for high density press and sinter powder metallurgical components for automotive
applications. Steel powder pre-alloyed with chromium is an attractive material for such applications, but new
ways to further increase the sinter density are required for successful processing of these powders to high density.
Nanopowder could be used as a potential sintering aid in order to boost the densification of the steel powder
compact. In this study, steel powder pre-alloyed with chromium, without and with admixed nickel, is used as base
powder, to which nanopowder was added. Surface oxide removal, crucial for successful sintering of such mate-
rials, was studied by thermogravimetry analysis in order to understand the influence of nanopowder addition on
the oxide reduction. Powder compacts containing nanopowder showed higher mass loss in comparison to the ones
without nanopowder. Linear shrinkage obtained from dilatometric curves increased with the addition of nano-
powder. To depict the influence of the critical parameters; sintering temperature, powder size, addition of
nanopowder and composition (with or without nickel), a design of experiment approach was applied. The critical
parameters were then adjusted at 2 different values (categorical parameters) and a ‘full factorial design model’
was used involving 16 experiments, with sinter density and hardness as output measures of the experiments
determined. The results were analyzed using polynomial fit to determine which of the parameter exerts the
maximum influence. Presence of nickel increased the hardness whereas sintering temperature and presence of
nanopowder enhanced the sinter density. This led to the tentative design of optimum conditions that resulted in
increase in sinter density from 7.25 g/cm3 (92.5% of the theoretical density) to 7.4 g/cm3 (94% of the theoretical
density) with an addition of 5% nanopowder to Ni-containing grade when sintered at 1350 �C instead of 1250 �C.
1. Introduction

Ferrous powder metallurgy (PM) is a proven technology to manu-
facture complex shaped products for automotive applications. Among
these products, there are PM gears used in different industries as well as
in the automotive sector. The PM gears are mostly used for engine parts
like sprockets and pulleys, gear shift components, oil pump gears and
gears like spur, helical and bevel gears. For large scale production of
gears, PM route is preferred over the conventional one as for the lower
costs involved, less energy is used and very little material wastage.
Compaction and sintering to a final density of 7.5 g/cm3, which is around
95% of the theoretical density of steel, is achievable for a certain kind of
gears [1]. Mechanical properties have a direct correlation with the
porosity of the component. As the density increases more than 95% of the
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theoretical density, mechanical properties increase significantly [2–5].
Hence, there is a constant drive to further improve the density in order to
use PM process for high performance applications.

There are different ways of improving the density of PM components
like increasing the compaction pressure, applying so-called warm
compaction or increasing the sintering temperature. Increasing
compaction pressure adversely affects the compaction die involving
higher tool wear, while increasing sintering temperature requires use of
high temperature sintering furnaces, which may not necessarily be
desirable for an industrial set up. Another way of improving the density is
to use an additive that helps improving the sinter density, without a need
to increase the compaction pressure or sintering temperature. Addition of
nanopowder is one of the ways to increase the sinter density. Powder
with particle sizes in the order of 1–100 nm are referred to as
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Table 1
Experimental conditions of two-level factorial design.

Factor/variables Levels

�1 þ1

Sintering temperature, �C 1250 1350
Particle size, μm <45 SF (20–180 μm)
Iron nanopowder (Fe NP) Without Fe NP With Fe NP
Composition Without Ni With Ni
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nanopowder [6]. The small diameter of the nanopowder is associated
with large surface area that increases the excess surface energy and
lowers the sintering temperature and hence decrease the activation en-
ergy for sintering [7,8]. Nanopowder is prone to explosive oxidation and
the high price associated with it makes it challenging to apply nano-
powder in PM processing route [9]. Nanopowder can be added in small
proportions to the normal micrometer-sized steel powder making
micro/nano bimodal powder compact to tap the advantages of the po-
tential sintering aid effect, while limiting the aforementioned disadvan-
tages. The authors have explored the addition of iron nanopowder as a
sintering aid to water-atomized iron powder [10]. The sinter curves
revealed pronounced influence of nanopowder addition on the sintering
behavior. At temperatures as low as 500 �C, the compact containing
nanopowder showed densification and the fractographic analysis of the
sintered compacts were in agreement with the observations from sinter
curve.

The objective of the larger framework of research, of which this
investigation is a part, is to be able to achieve full density in PM com-
ponents produced through press and sinter route based on water atom-
ized steel powder. While complete densification of powder is not new
and is achieved through hot isostatic pressing (HIP) after encapsulation
of the powder, it can only be used for low volume high cost products
[11]. A combination of cost and energy efficient press and sinter route
producing near net shapes when combined with full densification using
capsule-free HIP could open up possibilities for PM steel to be used in
highly demanding applications [12].

The current study is intended primarily to evaluate if the previous
work by the authors performed on densification in pure iron nano-micro
powder system stands valid for commercial water atomized alloy systems
used in high performance applications. In this study, the addition of iron
nanopowder has been applied to chromium-alloyed steel powder without
and with admixed nickel. Alloying elements are added and mixed in the
form of elemental powder in order to maintain a high level of
compressibility. Fully pre-alloyed powder has high hardness and reduced
compressibility. In the present case, nickel, in the form of fine powder, is
added to the chromium pre-alloyed powder and is mixed. To study only
the effect of the nanopowder itself, the normal addition of carbon was
Table 2
Experimental details.

Trail no. Sintering temperature, �C Size, base powder, μm

1 1350 20–180
2 1250 <45
3 1350 <45
4 1250 <45
5 1250 20–180
6 1250 20–180
7 1350 20–180
8 1250 20–180
9 1350 <45
10 1350 20–180
11 1250 20–180
12 1350 20–180
13 1250 <45
14 1350 <45
15 1250 <45
16 1350 <45
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avoided and hence the result can thus not yet depict any technological or
industrial practice. The aim was hence to analyze the readiness level of
the addition of nanopowder approach for further development towards
industrial practice. Design of experiments was therefore used for iden-
tifying the most pertinent factors that affect the sinter density and
hardness of the powder compacts. A ‘full factorial design’ was preferred
as the approach was reliable based on a mathematical model of the
combined effect of the processing factors [13].

2. Materials

2.1. Materials

Two different grades of water atomized steel powder, supplied by
H€ogan€as AB, were studied. The first one was a grade pre-alloyed with 1.8
wt % Cr, while the other one also contained 2 wt % admixed nickel.
Henceforth, the first powder would be known as CrA while the second
one as CrAþNi. Two different particle size distributions were considered;
<45 μm and standard fraction 20–180 μm (SF) for both the powder
variants. Pure iron nanopowder with size below 100 nm procured from
Sigma Aldrich was added to the water-atomized steel powder as a sin-
tering aid. Mixing of the powder was carried out using a tumbler placed
in a glovebox.
2.2. Design of experiments

A full factorial design was used in order to evaluate the effect of the
four factors as shown in Table 1 on the observed responses (sinter density
and hardness). The JMP 7 software (from SAS institute at Cary, NC, USA)
was applied for analysis of the results. As the factors chosen were cate-
gorical, two alternative levels are ascribed to each of the four factors
whose experimental values are as follows: 1) sintering temperature being
1250 or 1350 �C, 2) particle size distribution being SF or <45 μm, 3)
powder mix without or with 5 wt% of iron nanopowder and 4) base
powder composition without or with 2 wt% added nickel. In total, 16
sintering experiments (24) were conducted according to this experi-
mental design as listed in Table 2.

For each of the trails, sinter density and hardness were determined.

3. Methods

3.1. Dilatometry

Powder was compacted using a uniaxial compaction press at 600 MPa
which yielded in cylindrical samples of the size 10 mm diameter and 2
mm height. The compacts were sintered at 1250 and 1350 �C using a DIL
402C horizontal push rod dilatometer (Netzsch Thermal Analysis GmbH,
Composition Fe nanopowder Sample

Without Ni Without Fe NP CrA, SF
Without Ni With Fe NP CrAþFe NP, �45
With Ni With Fe NP CrAþNiþFe NP, �45
With Ni Without Fe NP CrAþNi, �45
With Ni With Fe NP CrAþNiþFe NP, SF
Without Ni Without Fe NP CrA, SF
Without Ni With Fe NP CrAþFe NP, SF
With Ni Without Fe NP CrAþNi, SF
With Ni Without Fe NP CrAþNi, �45
With Ni With Fe NP CrAþNiþFe NP, SF
Without Ni With Fe NP CrAþFe NP, SF
With Ni Without Fe NP CrAþNi, SF
With Ni With Fe NP CrAþNiþFe NP, �45
Without Ni Without Fe NP CrA, �45
Without Ni Without Fe NP CrA, �45
Without Ni With Fe NP CrAþFe NP, �45



Fig. 1. (a) Thermogravimetric curves for CrAþNi SF, CrAþNi �45 μm, CrA SF, CrA �45 μm, CrAþNiþFe NP SF, CrAþNiþFe NP -45 μm, CrAþFe NP SF and CrAþFe
NP -45 μm powder heated to 1350 �C at a heating rate of 10 �C/min in pure hydrogen atmosphere. (b) Mass loss, in percentage, recorded for different powder
combinations using thermogravimetry measured in pure hydrogen atmosphere when heated to 1350 �C.
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Germany). Sintering was carried out in pure hydrogen atmosphere at a
heating rate of 10 �C/min, held at peak sintering temperature for 30 min
and cooled to room temperature at 30 �C/min. The sintering temperature
1250 �C is used in industrial set up for the sintering of ferrous powder
when improved sinter density and mechanical performance are needed.
One sample per condition was sintered. Samples were also sintered at
1350 �C to understand the high temperature sintering behavior. Pure
hydrogen atmosphere (99.9999% purity) was used for all the sintering
experiments and a flow rate of 100 ml/min was employed.
3.2. Thermal analysis

Thermogravimetric (TG) measurements were carried out using a
simultaneous thermal analyzer STA 449 F1 Jupiter equipment (Netzsch
Thermal Analysis GmbH, Germany). Powder of required mass was loaded
into an alumina crucible and heated to 1350 �C at a heating rate of 10 �C/
min followed by cooling at 30 �C/min from the peak sintering temper-
ature. Three different samples were evaluated for TG. Pure hydrogen
atmosphere of same quality as dilatometry studies was used at a flow rate
of 100 ml/min for all the experiments. Pure hydrogen was used in order
to maximize the reduction of surface oxides at low temperatures. In
previous works by the authors [14] it was shown that the oxide scale on
the nanopowder reduces before 500 �C. Similarly, it was also shown that
the oxide scale on the water-atomized steel powder reduces at low
temperatures in the presence of hydrogen [15]. It is known that the
reduction of surface oxide promotes sintering and hydrogen being an
effective reducing agent at low temperatures, hydrogen was chosen as
the atmosphere.
3.3. Density

Green density of the compacts was evaluated using a micrometer and
a simple balance with an accuracy of 0.0001 g. The micrometer was used
to measure the height and the diameter of the cylinder to calculate the
volume of the compact. The simple balance was used to measure the mass
of the compact. Density of the sintered compacts was measured using two
different methods: Archimedes principle and image analysis using
metallographic cross-sections. Porosity was measured from optical mi-
crographs taken at different locations using image analysis software.
Area fraction of the porosity was measured from 20 different micro-
graphs taken per sample.
3

3.4. Hardness

The apparent hardness testing was performed using Struers DuraScan
70G5 (Ballerup, Denmark) Vickers hardness tester at 1 kg load on
metallographic cross-sections of sintered compacts.

4. Results and discussion

4.1. Thermogravimetry

The different variants of powder were subjected for thermogravi-
metric (TG) analysis. Mass loss by the powder in hydrogen environment
is recorded as a function of temperature. Powder variants without
nanopowder showed smaller mass loss than the variant with nanopowder
addition (Fig. 1a). The details of mass loss values for each powder are
shown in Fig. 1b. For the powder without nanopowder, the mass loss was
approximately 3–4 times lower when compared to the powder with
nanopowder. The <45 μm CrA powder when combined with nano-
powder showed the highest mass loss of 0.60% up to 1350 �C followed by
the variant <45 μm CrAþNiþFe NP with slightly lowered mass loss of
0.58%. The SF variants CrAþFe NP and CrAþNiþFe NP showed mass
losses of 0.54 and 0.50%, respectively. For the powder without nano-
powder the mass loss values ranged from 0.15 to 0.17%.

The TG curve could be divided into two parts. The first part, in the
temperature range below 400 �C, the surface oxide film of the base
powder as well as of the nanopowder is reduced. For both kinds of
powder, the oxide consists of Fe oxide. The second temperature range,
from 800 �C and upwards, depicts the reduction of particulate oxides,
that are present to minor extent on the surfaces of the base powder, as
well as internal oxides [15].

The mass loss of the powder is hence a result of the reduction of
surface and particulate oxides present on the powder surface as well as
internal oxides. As the particle size is reduced, the surface area of the
powder increases. Though the thickness of the surface oxide is the same
for both �45 and SF powder [16], the increased surface area increases
the mass loss for the powder with �45 μm size fraction in comparison to
that of SF powder. Furthermore, the nanopowder is associated with much
higher specific surface area and as said the metal nanopowder is
invariably covered with a surface oxide scale, but lacks presence of
particulate oxides [14]. Therefore, the increased mass loss of the first
region below 400 �C for the samples with nanopowder can be explained
in terms of the high specific surface area, and hence higher amount of



Fig. 2. Sinter curves showing the linear shrinkage for compacts sintered in pure hydrogen environment in a dilatometer (a) CrA -45 μm, CrA SF, CrAþFe NP -45 μm
and CrAþFe NP SF at 1250 �C, (b) CrA -45 μm, CrA SF, CrAþFe NP -45 μm and CrAþFe NP SF at 1350 �C, (c) CrAþNi -45 μm, CrAþNi SF, CrAþNiþFe NP -45 μm and
CrAþNiþFe NP SF at 1250 �C and (d) CrAþNi -45 μm, CrAþNi SF, CrAþNiþFe NP -45 μm and CrAþNiþFe NP SF at 1350 �C.
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surface oxide, associated with nanopowder. The reduction temperature
of the oxide scale is strongly dependent on composition of powder. CrA
powder is covered by an oxide scale, predominantly an iron-based oxide,
but is reduced at temperatures lower than that of pure iron powder oxide
surface [15]. Finer particle sizes also have lower reduction temperature
for surface oxides layer in comparison to the coarser size fractions and
this is believed to be due to increase in surface area in finer fractions
[16].
4.2. Sintering

Compacted green body when heated to high temperature, below the
melting point of base metal, leads to the formation metallurgical bonds
between the particles is called sintering. These metallurgical bonds
formed at the necks between the particles provide the strength to the
compact. The compacts were subjected to sintering in dilatometer. Fig. 2
shows the sintering curves of the compacts when heated at 10 �C/min up
to the two target sintering temperatures employed. All the compacts were
otherwise sintered under identical conditions. The change in the linear
dimension of the compact is measured as a function of time and tem-
perature and the curve is divided into 3 different stages. During the
heating stage of the sintering, the material has to expand, and the slope of
the curve gives the coefficient of thermal expansion. In addition, there
can be further sintering taking place during the heating stage which can
4

be identified from earlier onset of sintering than at the target sintering
temperature employed. During the isothermal holding stage, the compact
undergoes shrinkage and during the cooling stage, the compact is ex-
pected to thermally shrink. Phase transformation from BCC ferrite
(alpha) to FCC austenite (gamma), generally observed in iron systems, is
also be expected to be seen in the sinter curves.

Fig. 2 shows the sinter curves for all the specimens under study.
Fig. 2a and b shows the sinter curves for CrA compacts, for two different
size fractions, with and without nanopowder, sintered at 1250 �C and
1350 �C respectively. For the compacts containing powder, of two size
fractions, along with 2 wt % Ni, sinter curves for the compacts sintered at
1250 �C with and without nanopowder are shown in Fig. 2c, while the
compacts sintered at 1350 �C are shown in Fig. 2d.

When comparing the data in the Fig. 2, it is clear that the compacts
with nanopowder showed consistently higher linear shrinkage compared
to the ones without such addition. The change in slope of the sinter
curves during heating as well as cooling around 900 �C could be
explained through the phase transformation undergone. It was observed
at 900 �C for the CrA compacts whereas at 906 �C for compacts con-
taining the nanopowder. The transformation temperature decreased to
890 �C in compacts with Ni, since Ni is an austenite stabilizer. When
nanopowder was added it changed to 900 �C. Addition of nanopowder
changes the overall alloy composition and this change reflects on the
phase transformation temperature.
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The shrinkage increased slightly when employing a higher target
sintering temperature; for example, the total shrinkage was changed from
1.5 to 1.6% for SF CrA compact. Also, when the particle size was reduced
to <45 μm, the shrinkage was 0.6% for 1250 �C, while was 1.0% for
1350 �C. The addition of nanopowder changed the total linear shrinkage
to 1.2% and 1.9% for the <45 and the SF variants, respectively, when
sintered at 1250 �C, while the shrinkages of 2.7 and 2.6% for the<45 μm
and SF variants were found for the sintering at 1350 �C.

The total shrinkage of the CrAþNi compacts increased from 2.1 to
2.7% for SF size fraction variant when sintering temperature was
increased from 1250 �C to 1350 �C. For the <45 μm CrAþNi compacts,
the linear shrinkage increased slightly from 2.2 to 2.3% with increasing
sintering temperature from 1250 to 1350 �C. For the compacts with
added nanopowder, shrinkage increased from 3.0 to 3.1% for the SF
variant of CrAþNi compacts when the sintering temperature increased
from 1250 to 1350 �C. When the particle size was reduced to <45 μm,
shrinkage became 4.1 and 4.2% for sintering at 1250 and 1350 �C,
respectively. The shrinkage values for the compacts with Ni were hence
higher in comparison to the ones without Ni. The addition of nano-
powder resulted in increase in linear shrinkage (Fig. 2). The influence of
nanopowder addition has been studied in detail by the authors in another
study [10] and the mechanism has been explained through fractographic
analysis of compacts sintered at different sintering temperatures from
500 to 1350 �C. It was found that the added nanopowder sintered at
temperatures as low as 600 �C which contributed to the linear shrinkage
in low temperature regime compared to the compact containing only
Fig. 3. Plots showing green density and sinter density in terms of relative theoretica
1350 �C in pure hydrogen environment using a dilatometer (a) CrA -45 μm, CrA SF, C
CrAþNiþFe NP -45 μm and CrAþNiþFe NP SF at 1250 �C, (c) CrA -45 μm, CrA SF, Cr
SF, CrAþNiþFe NP -45 μm and CrAþNiþFe NP SF at 1350 �C.
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micrometer-sized iron powder.
The increase in shrinkage for compacts sintered at 1350 �C in com-

parison to the compacts sintered at 1250 �C was observed in all the cases.
The driving force for neck formation and growth is to minimize the free
surface energy and it progresses through atomic diffusion mechanisms.
Diffusion coefficient depends exponentially on temperature following
Arrhenius law. Therefore, the self-diffusion constant of iron at 1250 �C
was 8.38 x 1010 cm2/s. As the sintering temperature increases to 1350 �C,
the diffusion constant increases to 31.2 x 1010 cm2/s [17].

Nickel is added to the CrA powder through diffusion alloying, where
fine nickel powder is bonded to the surface of coarse water atomized steel
powder. Through this method, the alloying element attains adequate
bonding to the base powder so that the compressibility is retained by
limiting the extent of diffusion of alloying element into the base metal.
Diffusion of nickel through iron lattice is slow which results in an inho-
mogeneous composition in sintered parts. Diffusion of nickel along the
iron particle surface and its location at the sintering necks has also been
reported earlier [18]. Researchers observed that the variation of nickel
content resulted in austenite formation in the center of the original nickel
particle as the maximum nickel content is left undiffused [19,20]. There
have been studies which have shown that the addition of nickel enhances
the sintering of iron compacts and the enhancement is a function of
quantity of nickel added and depends on the method of addition [21].
This is the case even in the present study, where the compacts containing
nickel showed higher shrinkage values in comparison to that of the
compacts without nickel.
l density along with densification parameter for compacts sintered at 1250 and
rAþFe NP -45 μm and CrAþFe NP SF at 1250 �C, (b) CrAþNi -45 μm, CrAþNi SF,
AþFe NP -45 μm and CrAþFe NP SF at 1350 �C and (d) CrAþNi -45 μm, CrAþNi
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Fig. 3(a–d) shows the green and sinter density along with densifica-
tion parameter for all the compacts. To overcome the challenge in
comparing different compacts with varying initial relative densities,
densification parameter is used for normalization [22]. Densification
parameter, Ψ, is given by the following equation

Ψ¼ ρs � ρ0
1� ρ0

where ρs is the sinter density and ρ0 is the green density. Densification
parameter serves as an indicator for the degree of sintering.

The green density of compacts without nanopowder displayed similar
or lower values in comparison to their counterparts without the nano-
powder. Lower green density could be attributed to the low compress-
ibility caused by nanopowder addition [10]. The sinter density of
compacts with nanopowder was either similar or marginally higher in
comparison to the compacts without nanopowder. A clear impact of
nanopowder addition was observed through densification parameter. An
increase in the value of densification parameter was observed for the
compacts with nanopowder in comparison to the compacts without
nanopowder. Therefore, it could be said that the addition of nanopowder
boosts the degree of sintering. An increase in densification parameter was
also observed for the compacts sintered at 1350 �C in comparison to the
compacts sintered at 1250 �C. Addition of nickel also increased the de-
gree of sintering.
4.3. Hardness

Fig. 4 shows the hardness plots. The hardness of the compacts sin-
tered at 1350 �C was higher than that of the samples sintered at 1250 �C
in all the cases. Fig. 4a shows the hardness values of CrA compacts,
sintered at both 1250 and 1350 �C, for both size fractions, with and
without iron nanopowder. The hardness for both the compacts, sintered
at 1250 and 1350 �C was around 50 HV. Fig. 4b shows the hardness for
CrAþNi compacts. For compacts sintered at 1250 �C, the hardness was
around 65 HV for CrAþNi, �45 μm compact whereas for CrAþNi, SF it
was around 70 HV. In the case of 1350 �C, the hardness was above 70 HV
for both �45 μm and SF compacts. The hardness values are lowered for
compacts with nanopowder. The addition of alloying elements like Ni,
Mo or Cu increases the hardness of as-sintered powder metallurgy steels
[23]. Nickel, like Cu, strengthen steels by forming a solid solution with
iron. For the compacts with nanopowder, the hardness was marginally
Fig. 4. Plots showing the hardness for the compacts sintered at 1250 and 1350 �C in
-45 μm and CrAþFe NP SF and (b) CrAþNi -45 μm, CrAþNi SF, CrAþNiþFe NP -45
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lower than the compacts without nanopowder as the overall composition
of the alloy is changed due its addition.
4.4. Design of experiments

In the present study, focus was on four factors as listed in Table 1 with
two values for each factor. This experimental plan provided an oppor-
tunity to analyze the influence of the factors on sinter density and
hardness, two separate outputs. The significance of the factor is through
the values of Logworth and p-value. A small p-value and larger Logworth
value indicate that the factor exerts significant influence on the output
[24].

In this case, p-value given by the model is less than 0.0001 for both
sinter density and hardness as outputs. Fig. 5 shows the comparative plot
between predicted and actual values of the sinter density and hardness.
The determination coefficient (RSq¼0.87 and RSq¼0.97 for sinter den-
sity and hardness respectively as seen from Fig. 5b and d) indicates that
the model predicts up to 87 and 97% of the total variations. Sintering
temperature followed by addition of nanopowder influenced the sinter
density (Fig. 5a). Increase in sintering temperature and addition of
nanopowder improve the sinter density in press and sinter PM compo-
nents [25,26]. The size fraction of base powder had the least influence of
the four factors. Fig. 5c shows that the composition, addition of nickel,
has a dominant effect on the hardness as would be expected. Particle size
followed by sintering temperature had low impact on the hardness.

Industrially, sintering temperature is limited to 1250 �C. Keeping
sintering temperature constant at 1250 �C, a ‘full factorial model’ with 3
factors: nanopowder addition, composition (nickel) and size fraction of
base powder was used resulting in 8 experiments. Fig. 6 shows that the
presence of nanopowder increases the sinter density followed by
composition and size.

This study suggests that “closed-porosity”, which is achieved at about
95% of the theoretical density levels [27], cannot be achieved under the
evaluated conditions and alloy configurations. This could be due to
multiple factors like low compaction pressure employed and, low green
density of compacts containing nanopowder. However, one important
factor which has not been explored and will be a part of the future work is
to evaluate effect of carbon which is an essential alloying component in
most high-performance PM applications, and has a strong effect on oxide
reduction and subsequent sintering enhancement, allowing to decrease
porosity level. This will allow to reach components with closed porosity
pure hydrogen atmosphere in a dilatometer (a) CrA -45 μm, CrA SF, CrAþFe NP
,mm and CrAþNiþFe NP SF.



Fig. 6. Design of experiments plots showing the influence of different parameters on the sinter density of the compacts sintered at 1250 �C in pure hydrogen at-
mosphere in a dilatometer.

Fig. 5. Design of experiments plots showing (a-b) the influence of different parameters on the sinter density of the compacts sintered at 1250 and 1350 �C in pure
hydrogen atmosphere in a dilatometer whereas (c-d) reveal the influence of the same set of parameters on the hardness of the compacts sintered at 1250 and 1350 �C
in pure hydrogen atmosphere in a dilatometer.
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and allow further densification by subsequent application of HIP.

5. Conclusions

The present study has illustrated a comparative study of the sintering
behavior of steel powder pre-alloyed with chromium, with and without
7

admixed nickel in the presence of nanopowder as sintering aid. Ther-
mogravimetry revealed that the powder containing the nanopowder
showed higher mass loss of around 0.60% in comparison to that of the
powder without nanopowder of around 0.15%. This additional loss was
attributed to surface oxide reduction of nanopowder. Sintering curves
revealed that the linear shrinkage increased with addition of
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nanopowder, increase in sintering temperature and addition of nickel.
Increase in the value of densification parameter value showed that the
degree of sintering increased with the addition of nanopowder. Hardness
of the sintered compact increased from 50 HV to 70 HV with the addition
of nickel. A full factorial model was used to evaluate the influence of the
four factors: size of the base powder, composition (nickel), nanopowder
addition and sintering temperature (1250 and 1350 �C) on sinter density
and hardness. Increase in sintering temperature increased the sinter
density followed by nanopowder addition and addition of nickel
increased the hardness.
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