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Abstract

The aim of the study is to investigate the effects on impact toughness properties of pow-
der metallurgy (P/M) steels depending on different nickel ratios. For this purpose, ferrous
P/M alloy samples containing 1.2 wt.% carbon and different nickel contents (0.5-5 wt.%) were
compacted under 700 MPa pressure and sintered at 1200°C under 5 x 102 Pa vacuum atmo-
sphere. Following sintering, the densification rate and macrohardness (HV2) measurements
of the samples were carried out. Fracture morphologies of the samples having different nickel
content following impact toughness tests at various temperature (—40 to 40°C) were imaged
by scanning electron microscopy (SEM). Metallurgical characterizations of the samples with
different nickel content were analyzed SEM and X-ray diffractometer (XRD). It was under-
stood that pearlitic transformation was suppressed with the formation of nickel-rich austenitic
areas in the microstructure of nickel-doped P/M steels. The hardness and impact toughness
values of PM steel samples with 5 % nickel addition were increased by approximately 121 and
247 %, respectively, compared to samples without nickel addition, at all test temperatures.

Key words: powder metallurgy steel, nickel, impact transition temperature, microstruc-

ture and hardness

1. Introduction

Nowadays Powder Metallurgy (P/M) steels have a
wide range of applications. However, it is insufficient
for some uses due to its low mechanical properties [1].
In order to increase the use of P/M steels in places
requiring high performance, it is necessary to improve
their mechanical properties. One of the mechanical
properties of P/M steels that needs to be improved
is the impact toughness values, which are conditions
under dynamic loads. One of the methods applied to
improve the mechanical properties is the addition of
alloying elements. Since the alloying elements will af-
fect the sintering kinetics, shrinkage behavior and sin-
terability, the properties of the alloying elements to be
added should be well known. Alloying elements added
to P /M steels should be chosen not only on the basis of

the desired strength, but also taking into account their
dimensional stability during sintering [2, 3]. With the
increase of the carbon content in the steels, the hard-
ness, and yield stress of the steels increase, while the
impact strength and ductility decrease [4, 5].

The addition of nickel improves the mechanical
properties of P/M steel components by increasing
strength, impact resistance, wear resistance and fa-
tigue performance. Addition of nickel to P/M steels
reduces the porosity rate due to the shrinkage effect
[6, 7]. In addition, nickel has a lower diffusion coeffi-
cient compared to many elements and diffuses more
slowly into iron [8]. Addition of nickel to P/M steel
results in the formation of nickel-rich areas (NRA).
The presence of NRA is usually explained by the slow
diffusion of nickel to iron. [9].

The presence of nickel promotes the formation of
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Table 1. Density and concentration ratio values of P/M samples after pressing and sintering

0% Ni 0.5 % Ni 1% Ni 2 % Ni 5% Ni
Green density (gcm™?) 6.58 6.65 6.72 6.90 6.93
Sintered density (gcm™?) 6.81 6.88 6.91 7.11 7.15
Densification ratio (%) 87.0 88.2 88.5 91.1 91.6

a protective oxide layer on the material’s surface,
enhancing its resistance to corrosive environments.
Nickel-rich areas can lead to enhanced toughness and
ductility. This is due to several factors, including solid
solution strengthening and the prevention of disloca-
tion movement. These effects hinder crack propagation
and promote plastic deformation prior to fracture [10].
In the present study, the effects of adding differ-
ent amounts of nickel on the impact transition tem-
peratures of PM steels containing 1.2 wt.% C were
examined. Investigating the toughness properties of
nickel-containing PM steels depending on the impact
transition temperature together with microstructural
transformations is expected to provide important in-
formation for other studies in the relevant field.

2. Experimental procedures

In experimental studies, in order to produce nickel-
added high-carbon powder metallurgy (P/M) steel
samples, 1.2% by weight natural graphite powders
(Alpha) as carbon addition to pure iron powders hav-
ing 99.9 % purity and 5 um particle size produced by
electrolysis production method. Powder mixtures were
prepared by adding 0.5-1-2-5 wt.% nickel powders hav-
ing 3-7 um size 0.5 wt.% Zn Stearate was used as a
lubricant. The homogeneously mixed powders were
pressed in a single-acting hydraulic pressing device at
room temperature under 700 MPa pressure in accor-
dance with ASTM B 243-94 standard. Green density
samples were produced as unnotch impact test sam-
ples in a mold in accordance with ISO-5754 standard.
In order to strengthen the green density samples, sin-
tering was carried out in an alumina tube by keep-
ing them in a vacuum atmosphere of 5 x 1072 Pa
at 1200°C for 30 minutes. After pressing and sinter-
ing processes, the density calculations of the samples
were measured on an A&D HR-250AZ brand preci-
sion balance with a sensitivity of 107* g according to
the Archimedean principle in accordance with ASTM
B962-17 standard.

Conventional metallographic processes of the sin-
tered P/M samples were applied for microstructure
analysis. For this purpose, following sanding with SiC
particles (80-2500 #), all samples were polished with a
3—-1 pm diamond suspension in order to obtain a clear
image without scratches. Each sample was etched in

3 % nital solution (3 ml HNO3-100 ml ethanol) in or-
der to obtain a microstructure image after the pol-
ishing process. Surface and fractured surface exami-
nations of the samples were carried out using JEOL
JSM-6060LV Scanning Electron Microscope (SEM).
X-ray analysis was applied to determine the precip-
itated phases in the alloy. In this technique, analysis
was performed using CuKa probe with A = 1.5406 and
0.5°min~! scanning speed. The hardness measure-
ments of the samples were determined by macro hard-
ness measurements (HV2) in Duravision 2000 Emco
brand hardness device using 2 kg load in accordance
with ASTM E92-17 standards. The hardness measure-
ments of the samples were performed from at least five
different points, and the arithmetic average was cal-
culated. The impact tests of the samples were made
by Instron-Wolpert impact tester device having 300 J
hammer capacity. In order to examine the impact
toughness behavior and hardness measurements up to
—40°C temperatures, Jinan Hensgrand Instrument Co.
trademark DWC-80 model cooling cabinet is used. For
the high temperature test at 40°C, laser thermometer-
controlled pulse toughness tests of the samples placed
in the helical structure were carried out. It was applied
on at least 3 impact test samples for each different pa-
rameter.

3. Results and discussion

When the green densities of the samples produced
after pressing and the sintering densities of the sam-
ples sintered in vacuum environment are compared, it
is seen that the sintering density increases as seen in
Table 1. There is porosity in the materials produced
by the traditional P/M method [11]. The presence of
pores causes the density of the produced samples to
be lower than the theoretical density. There is an in-
crease in the density values with the increase of nickel
alloying element added to the samples. The presence
of pores causes the density of the produced samples to
be lower than the theoretical density. There is an in-
crease in the density values with the increase of nickel
alloying element added to the samples.

Typical lamellar pearlitic structures were observed
in the microstructure image of the sintered sample,
which was produced by adding 1.2 wt.%. graphite to
the pure iron powder, as seen in Fig. 1la. The effects of
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Fig. 1. SEM microstructure images of the sintered P/M steels: (a) 0% Ni, (b) 0.5 % Ni, (c) 1% Ni, (d) 2 % Ni, and (e)
5 % Ni.

nickel, one of the alloying elements commonly added
to steels, on the microstructure have been observed.
As an alloying element, nickel expands the austenite
region and narrows the ferrite region and has austenite
stabilizing properties [11, 12]. Figures la—e show the
SEM microstructure images of the samples to which
(b) 0.5% nickel, (¢) 1% nickel, (d) 2% nickel, and (e)
5 % nickel were added, respectively. As seen in Fig. 1,
it was observed that the pearlite colony sizes decreased
with the increase in the amount of nickel reinforcement

in the structure. In addition, it can be clearly seen
that the nickel-rich areas increase with the increase in
the nickel ratio (indicated by the arrow). It is thought
that pearlite colony ratios decrease with the addition
of nickel, due to the conversion of these regions to the
FCC crystal structure and possibly more dissolution
of C atoms. [13].

Figure 2 shows the SEM image and EDS analysis
of the sample containing 5 % nickel at 500x magnifi-
cation. According to the elemental analysis of the 1st
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Fig. 2a—c. EDS analysis of the sintered P/M steel having 5 % nickel: (a) SEM microstructure images, (b) analysis of the
first region, (c) analysis of the second region.
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Fig. 2d. EDS analysis of the sintered P/M steel having 5 % nickel: (d) analysis of the SEM image area.

region on the SEM image (Fig. 2a), it is understood
that the nickel rate is high outside the pearlitic area.
Figure 1b shows that the EDS result shows that the
nickel element ratio is 19 %. Therefore, it shows that
these regions are nickel-rich. The reason for the high
nickel content in nickel-rich regions is thought to be
due to the low solid state diffusion time at the sinter-
ing temperatures of nickel powders added to iron and
also the low solubility limit of nickel in iron.

In Fig. 2c, it is seen that the Ni content of the
pearlitic region is lower, according to the EDS element
analysis. The probable reason for this is that dur-
ing sintering, the cementite phases that form pearlite
colonies must nucleate and grow at iron grain bound-
aries with low nickel content. For the formation of
Fe3C, which is cementite, iron regions with low nickel
content are needed. If the regions with high nickel con-
tent will transform the BCC iron phase into the FCC
crystal structure, FesC nucleation is not expected in
the FCC iron regions. For this reason, it is seen in the
iron phase outside the pearlite colonies of nickel-rich
regions.

Figure 2d shows that there is 5% nickel in the
SEM image area according to EDS elemental anal-
ysis. This is an approximate value for the amount of
nickel added. On the other hand, the reason why the
value of carbon element analysis cannot be taken in
EDS analyzes is that the values of elements with very
small atomic radius such as carbon cannot be taken
exactly in EDS element analysis.

The hardness values of the samples with different
nickel reinforcement ratios were measured under the
temperature variables at room temperature (21°C)
and —40°C. It was observed that NRA increased in the
samples with the increase of nickel ratio. The hardness
value of the P/M samples without nickel addition at
room temperature was increased from 84 to 186 HV2

220 E 0%NIi B 0.5%N O 1%Ni @ 2%Ni @ 5%Ni

Macrohardness (HV2)

21°C

Temperature (°C) ~0ec

Fig. 3. The hardness values of P/M samples produced by
adding different amounts of Ni in the temperature range
of 21 and —40°C.
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Fig. 4. Graph of impact toughness values (J) and transition
temperature of powder metal samples produced by adding
Ni at different rates.

of the sample containing 5% nickel. In addition, an
increase in the macrohardness values of the samples is
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Fig. 5. Fractured surface SEM microstructures of the sample without Ni addition after impact test at different temperatures:
(a) —40°C, (b) —20°C, (c) 0°C, (d) 25°C, and (e) 40°C.

observed with the decrease in temperature. The hard-
ness value of P/M steel without nickel addition in-
creased from 91 HV2 at —40°C, with increasing nickel
ratio, the hardness of the sample containing 5 % nickel
by weight increased up to 195 HV2. The variation of
the hardness values of the samples at room tempera-
ture (21°C) and —40°C depending on the increasing
nickel content by weight is presented in Fig. 3.

In the SEM microstructures in Fig. 1, the primary

cementite networks in the structure became evident
with the increase in the amount of nickel added. In
addition to the prominence of the primary cementite
networks, the length of the pearlite lamellae shortened
and NRA increased. At the same time, NRA can be
considered as the solid solution phase. This solid so-
lution phase is not stoichiometric (stable) and may
behave like an interphase. Therefore, an increase in
hardness values was observed [14, 15].
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Fig. 6. Fractured surface SEM microstructures after impact toughness test at different temperatures of 0.5 % Ni by weight:
(a) —40°C, (b) —20°C, (c) 0°C, (d) 25°C, and (e) 40°C.

Engineering materials are not always used at room
temperature conditions, sometimes at sub-zero tem-
peratures and often even at temperatures above room
temperature. For this reason, the temperature range
of —40 and 40°C, which can be used in industrial ap-
plications, was chosen in this study. As a result of ex-
perimental determinations, with the increase of nickel
addition, the impact toughness energies of the samples
increased at all temperatures (—40 to 40°C) as seen in

Fig. 5, the lowest toughness value was measured as
5.30 J in the sample without nickel addition at —40°C,
while this value was measured as 19.30J in the same
sample at 40°C. With the addition of nickel, this value
increased up to 52.70 J at 40°C. Due to the dense shear
plane family and high coordination number of FCC
crystal structures, NRA contributes to the increase
of ductility values, especially in dynamic loads, as it
has lower shear stress without twinning deformation
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Fig. 7. Fractured surface SEM microstructures after impact test at 1 % by weight Ni at different temperatures: (a) —40°C,
(b) —20°C, (c) 0°C, (d) 25°C, and (e) 40°C.

mechanism [16, 17]. This situation is more effective
in the {111} family and <110> family of direction in
the FCC system. For this reason, it is expected that
the impact resistance will be high in FCC crystalline
materials. It is also known that FCC crystal structures
have high impact resistance even at low temperatures.
In this study, considering the impact toughness of the
samples at the same temperatures the impact resis-
tance of samples with 5% nickel addition at tempe-

ratures of —40, —20, 0, 25, and 40°C was increased by
311 %, respectively, compared to the sample without
nickel addition. Impact transition temperature graphs
in Fig. 4 were obtained by performing impact tests at
different temperature parameters (—40, —20, 0, 25, and
40°C).

After the impact toughness test, the fracture sur-
faces of the samples were examined with the SEM de-
vice and the fracture types were determined. Impact
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Fig. 8. Fractured surface SEM microstructures after impact test at 2 % by weight Ni at different temperatures: (a) —40°C,
(b) —20°C, (c) 0°C, (d) 25°C, and (e) 40°C.

test fracture surfaces containing different amounts of
nickel and at different temperatures are shown in the
figures below (Figs. 5-9). When the SEM microstruc-
ture images of the fracture surfaces of the sample with-
out nickel addition in Figure 5 were examined after the
impact test, the fracture surface progressed from brit-
tle fracture to ductile rupture from —40 to 40°C. It can
be noted that the fracture surface morphologies and
impact toughness values of the samples are compat-

ible depending on the temperature increase. As the
temperature increases, ductile rupture becomes more
common, and a linear increase in impact toughness
values is observed. In this sample without nickel ad-
dition, it can be seen that while the cleavage fracture
mode is completely dominant at the places indicated
by the yellow arrows at —40°C, it decreases with the in-
crease of the test temperature. Partially cleavage frac-
ture modes were observed even at room temperature
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Fig. 9. Fractured surface SEM microstructures after impact test at 5 % by weight Ni at different temperatures: (a) —40°C,
(b) —20°C, (c) 0°C, (d) 25°C, and (e) 40°C.

(Fig. 5d). Completely ductile rupture was observed in
this sample at the test temperature of 40°C in the
parts indicated by the blue arrows (Fig. 5e).

The fracture surface images of the sample pro-
duced with the addition of 0.5 % nickel after the im-
pact test at different temperatures are given in Fig. 6.
Slight ductile ruptures are observed on the surface at
—40°C compared to the P/M sample without nickel
addition. Again, the ductile rupture of the structure

increased with the increase in temperature. The ad-
dition of nickel element increased the ductility of the
structure and increased the impact toughness valueln
this sample, the cleavage fracture mode (indicated by
yellow arrows) is partially seen at most at 0°C due to
nickel addition, while at room temperature it can be
said that a completely ductile failure mode (indicated
by blue arrows) occurs instead of cleavage fracture
(Fig. 6d). In other words, it is understood that the
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dominant ductile rupture temperature decreases with
the addition of nickel. This means that with the ad-
dition of nickel, the samples will have more toughness
properties with lower temperature.

As can be seen in Figs. 6-9, with the further in-
crease of nickel addition, the ductile rupture modes
that contribute to the toughness resistance even at
sub-zero temperatures have become evident. However,
in the samples with 1 and 2 % nickel addition, even
at —40°C temperature, cleavage fracture is still very
dominant (Figs. 7a and 8a), while it is seen that the
cleavage fracture mode decreases significantly with
the addition of 5 % nickel (Fig. 9a). The ductile frac-
ture mode significantly increased with the addition of
nickel in all samples with the increase in test tempera-
ture. The situation that causes ductile failure should
be the formation of microvoids due to deformation,
and sometimes microvoids coalesce at lower deforma-
tion rates to form the beginning of the crack. The
energy required for such fracture must be damped by
microvoids. It is important in terms of toughness re-
sistance to delay the propagation of the cracks formed
later from the cross-section plane or to change the
crack propagation direction. Accordingly, it is thought
that the nickel added in this study may have delayed
the crack propagation. Since NRA’s in regions with
high nickel content are probably in FCC structure, it
is thought that both the shear systems are more ac-
tive and the dense atomic arrangement significantly
reduces cleavage fracture [18-21].

The densities and types of phases that may oc-
cur as a result of the chemical interaction of the pre-
cipitated phases in the samples produced by adding
different amounts of nickel to P/M steels with a car-
bon content of 1.2 % by weight were investigated by
XRD analysis. In the XRD graph of P/M steel with-
out nickel addition with 1.2 wt.% carbon, the cubic Fe
element peaked in the (110) plane with the highest
intensity at the angle of 44.60 26, and it also gave the
second peak in the Fe (200) plane at the angle of 64.67
20 (Fig. 10).

It was observed that the precipitated phases and
peak levels changed with the increase in the doped
nickel ratio. With the increase of the nickel ratio, the
cubic Fe peak is obtained in the (110) plane at the
highest peak intensity, while the higher number of ce-
mentite (FesC) peaks are also present. It was observed
that the intensity of the cementite peaks decreased
with the increase of nickel addition, and the peaks of
the nickel-containing austenite phase increased [21].

4. Conclusions
The results of the impact toughness properties of

high carbon P/M samples with different nickel con-
tents at different temperatures are provided as follows.

& a-Fe
® O-Fe,C ¢
N * y-Ni - ‘1‘ & *
= o
‘?’ - o)l & <
£ ©
E - - tot 5
=
E . .
.

20 25 30 35 40 45 S50 55 60 65 70 75 80
20 Degree

0%Ni = 0.5%Ni 1%Ni  —— 20pNj —— 5%Ni

Fig. 10. XRD plot of the effects of different nickel addition
rates on the crystallography of P/M steels.

1. With the increase in the amount of nickel con-
tent in P/M steels, the macrohardness (HV2) values
at room temperature and —40°C also increased. While
the hardness value of P/M steel without nickel was
84 HV2, the hardness value of steel containing 5%
nickel element by weight was measured as 186 HV2
by increasing 121 %.

2. Impact toughness energies at each temperature
increased with increasing nickel ratio. While the im-
pact toughness of P/M steel without nickel was 17.3J
at room temperature, the impact toughness energy of
the sample containing 5 % nickel element increased by
247 % and was measured as 45.75 J.

3. With the increasing nickel addition rate in P/M
steel, the nickel-rich areas in the microstructure ex-
panded and the pearlite colony sizes were shortened.

4. After the impact toughness tests at all tempe-
rature ambient with the increase in the nickel content
on the fracture surfaces of the samples, dense dimple
failure was observed instead of brittle fracture.
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