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Abstract 
The main purpose of this work is to investigate in low alloyed commercial 
powders the possibility of developing high strength martensitic/bainitic 
microstructures, when accelerated cooling rates after sintering are used. 
The effects of sintering temperature, carbon content and nickel addition 
were also studied. Astaloy 85 + 2 % Ni exhibits a great ability to sinter-
harden as a processing route when cooled at around 8°C/sec, whilst 
Astaloy 85 needs a higher cooling rate to form 50 % of martensite. 
Nevertheless both materials present improved performances when 
sintering at high temperature is carried out, and furthermore when cooled 
at a higher rate. 
Keywords: sinter-hardening, sintering temperature, low alloyed steels 

INTRODUCTION 
Vacuum furnaces are characterized by a great flexibility in terms of both sintering 

temperature and cooling rate. Commercial vacuum furnaces may reach operative 
temperatures up to 1350°C and the cooling rate may be easily varied in quite a wide range 
by changing the cooling gas pressure. These features make vacuum furnaces well-suited for 
sintering injection moulded parts and stainless steels, as well as for processing low alloyed 
chromium steels, which have to be sintered at high temperature to optimize their 
mechanical properties [1,2,3]. Recently, the latest powders have been processed in a 
vacuum furnace to obtain as sintered martensitic-bainitic microstructures by means of 
sinter-hardening [4], avoiding post sintering heat treatment.  

Sinter-hardening refers to a process where the cooling rate is fast enough, that 
more than 50 % martensite forms [1,6,7,8]. This process includes heat treatment within the 
sintering process. Parameters like carbon content, density and amount of alloying elements 
play an important role in the selection of the powder mix to achieve the desired sintered 
properties. Moreover, the austenite grain size influences the material hardenability since 
pearlite, differently from martensite, nucleates at the grain boundary surface [8]. 

In the present study, low alloyed Mo and Ni powder mixes with different carbon 
contents were sintered in vacuum, at different sintering temperatures and with different 
cooling rates. These powders have been considered by different authors, to investigate the 
possibility to obtain high strength microstructures at a low cost, highly compressible 
commercial powders under standard sintering conditions, high temperature sintering and 
sinter-hardening [2,8,9,10,11,12,13]. The aim of the present work is to investigate 
mechanical properties attainable with similar powders, using vacuum sintering at 1250˚C as 
a flexible, environmental-friendly technology. The base powder is Astaloy 85, which was 
also admixed with 2 % Ni to increase hardenability, in order to make it suitable for a sinter-
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hardening process. As a reference, a conventional sintering process at 1120°C was carried 
out. Tensile and impact properties have been investigated. 

MATERIALS AND EXPERIMENTAL PROCEDURE 
Table 1 presents the materials investigated and the powders used for their 

production. Graphite was added to obtain two levels of combined carbon after sintering: 
0.45 wt.% (±0.2) and 0.55 wt.% (±0.2) 

 

Tab.1. Chemical composition of base premixes. 

Code Base powder Fe [%] Mo [%] Ni [%] 
A Astaloy 85 Bal. 0.85 - 

A2N Astaloy 85 Bal. 0.85 2 (admixed) Inco 123 
 
Tensile (ISO 2740) and impact (ISO 5754) bars were cold compacted to 7.1 g/cm3, 

and sintered in vacuum with the parameters reported in Tab.2. By increasing the pressure of 
the nitrogen flow from 2.5 to 8.5 bars, cooling rate was increased from 1°C/s (standard 
sintering) up to 8°C/s (sinter-hardening). Stress relieving at 200°C was carried out on the 
sinter-hardened specimens.  

 

Tab.2. Sintering conditions. 

code Temperature [°C] Holding time 
[min.] 

Cooling rate, (between 600-100°C) 
[°C/s] 

L 1120 30 ~1 
H 1250 30 ~1 

SH 1250 30 ~8 
 
Density and porosity were determined using the water displacement method. 

Microhardness HV0.05 was measured on polished unetched metallographic specimens, cut 
from both tensile and impact bars. Thirty indentations were done, without detecting a 
significant difference between the two test pieces. This demonstrates that the sinter-
hardening process experimented is not sensitive to the section of the parts used (5x5 mm2 
the tensile specimens, 10x10 mm2 the impact bars). 

Tensile tests were carried out in an Instron testing machine, with a crossing head 
speed of 1 mm/min, at room temperature. Instrumented Charpy tests were performed at 
room temperature using a Wolpert pendulum with the impact direction perpendicular to the 
compaction surface. Available energy was 150 J and impact velocity was 3.9 m/s [13]. 

 Microstructure was investigated by LOM and a quantitative metallographic 
analysis was carried out by Image Analysis. Ni free materials were etched with Nital 2 %, 
Ni-alloyed with Picral. 

RESULTS AND DISCUSSION 
Table 3 reports sintered density, porosity and microhardness HV0.05 of the 

studied materials. Density slightly increases with sintering temperature and with Ni, which 
is known to enhance sintering shrinkage [14,15]. The cooling rate from the sintering 
temperature does not influence density, as expected. Residual porosity is almost completely 
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interconnected in the 0.45 % C low temperature sintered materials, and decreases with 
carbon content, sintering temperature and Ni. 

Microhardness increases with sintering temperature, carbon content, Ni addition 
and with cooling rate from the sintering temperature. Sinter-hardening of the 0.55 % C Ni 
alloyed material results in an outstanding microstructural hardening. 

Tab.3. Density, porosity (total and open porosity) and microhardness of the investigated 
materials. 

ρ [g/cc] ε [%] εo [%] HV 0.05 Material 0.45%C 0.55%C 0.45%C 0.55%C 0.45%C 0.55%C 0.45%C 0.55%C 

A-L 7.07 7.14 8.8 7.7 7.7 4.8 216    
(±20) 

292     
(±10) 

A-H 7.12 7.1 8.5 8.5 4.3 4.3 244    
(±24) 

277    
(±11) 

A-SH 7.13 7.13 8.0 8 7.2 3.2 264     
(±21) 

364     
(±7) 

A2N-L 7.11 7.19 8.5 7.1 7.6 3.8 248    
(±21) 

321    
(±24) 

A2N-H 7.21 7.21 7.3 7.3 2.5 2.5 265    
(±37) 

342    
(±26) 

A2N-SH 7.20 7.2 7.4 7.4 2.5 2.5 431    
(±43) 

781    
(±36) 

 
Figures 1 to 6 show the microstructure of all the 0.45 % C materials: they contain 

upper bainite, lower bainite, Fe-Mo-C martensite and Fe-Ni-C martensite in different 
percentages, depending on the chemical composition and on the sintering conditions.  

Table 4 summarizes the results of the quantitative metallographic analysis; 
unfortunately, it was not possible to clearly resolve the two types of martensite in A2N-SH, 
since they are quite finely intermixed because of the Ni homogenization occurring at high 
sintering temperature. 

Tab.4. Results of the quantitative microstructural analysis. 

upper 
bainite 

[%] 

lower 
bainite 

[%] 

martensite 
[%] 

Ni-rich 
mart. 
[%] 

upper 
bainite 

[%] 

lower 
bainite 

[%] 

martensite 
[%] 

Ni-rich 
mart. 
[%] Material 

0.45 % C 0.55 % C 
A-L 100 - - - 100 - - - 
A-H 100 - - - 75 25 - - 

A-SH 14 45 41 - - 53 47 - 
A2N-L 94 - 6 - 94 - 6 
A2N-H 7 89 - 4 5 92 - 3 

A2N-SH 17 83 - 2 98 
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Fig.1. 0.45 % C A-L – coarse upper bainite. Fig.2. 0.45 % C A-H – fine upper bainite. 

  
Fig.3. 0.45 % C A2N-L – upper and lower 

bainite + Ni rich areas. 
Fig.4. 0.45 % C A2N-H – upper and lower 

bainite + Ni rich areas. 

  
Fig.5. 0.45 % C A-SH – upper and lower 

bainite + martensite. 
Fig.6. 0.45 % C A2N-SH – martensite and 

bainite. 

The increase of the sintering temperature results in the refining of the bainite 
sheaves in the Ni-free materials. The effect of the sintering temperature may be interpreted 
considering the fact that the CCT diagrams move towards the right upon increasing the 
temperature from which austenite is cooled down (the sintering temperature represents the 
austenitization temperature), and the larger austenite grains. The effect of carbon on 
hardenability may be appreciated also from the formation of lower bainite in A-H materials 
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and the disappearance of upper bainite and the increase in the martensite content in A-SH 
materials.  

As far as the Ni alloyed materials are concerned, the increase in the sintering 
temperature decreases the Fe-Ni-C martensite, due to the improved Ni homogenization 
[7,9]. Sinter-hardening is very effective in promoting the formation of martensite in the Ni 
alloyed material, whilst A-SH still contains mostly bainite because of the lower 
hardenability. Since microhardness depends on the microstructural constituents, the great 
difference between the two A2N-SH materials reported in the last two columns of Tab.3 
may be only justified assuming that the amount of martensite in the 0.55 % C material is 
much higher than in the 0.45 % C one. 

Tensile and impact properties are reported in Table 5.  

Tab.5. Mechanical properties of the investigated materials. 

0.45 % C 0.55 % C Material YS [MPa] UTS [MPa] A [%] E [J] YS [MPa] UTS [MPa] A [%] E [J] 
303 386 2.0 14 376 530 3.0 17 A-L (±14) (±25) (±0.1) (±1) (±30) (±25) (±0.4) (±2) 
355 487 2.9 24 382 570 3.2 24 A-H (±30) (±35) (±0.3) (±1) (±18) (±9) (±0.3) (±2) 
604 621 2.5 20 618 783 1.9 21 A-SH (±15) (±14) (±0.4) (±1) (±10) (±22) (±0.2) (±1) 
394 567 2.5 18 466 678 2.2 23 A2N-L (±6) (±2) (±0.3) (±1) (±14) (±18) (±0.3) (±1) 
441 648 3.3 26 595 788 2.7 26 A2N-H (±9) (±13) (±0.4) (±1) (±25) (±29) (±0.2) (±1) 
849 965 1.6 19 866 973 1.1 19 A2N-SH (±25) (±33) (±0.2) (±1) (±6) (±34) (±0.2) (±1) 

 
Figures 7 and 8 summarize tensile properties, to discuss the effect of the sintering 

conditions. 
 

Fig.7. Tensile strength: a) Ni-free materials b) Ni alloyed materials. 

In the Ni-free materials, at both carbon levels, the increase in the sintering 
temperature increases yield strength only slightly (microhardness also increases slightly), 
whilst the effect on UTS is greater. The high sintering temperature increases the ability of 
the material to sustain plastic deformation before fracture, thanks to the increased density 
and the improved pore characteristics. In fact, Image Analysis shows that pores lose their 
angular, irregular shapes, with a consequent decrease of the strain localization in the matrix. 
Fcircle is a parameter representative of the pore profile irregularity, it ranges between 0 and 
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1, being equal to unity for a circular pore [16]. As well known, sintering at high 
temperature leads to progressive rounding of the pores due to the surface diffusion. Figure 9 
presents the distribution histogram and the cumulative curves of Fcircle for both A-L and A-
H materials. The distribution curves give a better idea how pores are modified when 
sintering at 1250˚C than the mean value, which is respectively 0.64 and 0.75. This results in 
an increase in UTS. The microstructural hardening obtained with sinter-hardening increases 
yield strength more than UTS because of the reduced ductility of the matrix. 
 

 
Fig.8. Elongation. 

 
Fig.9. Distribution curves of Fcircle – a)A-L  b)A-H. 

The Ni alloyed materials display the same trend as Ni-free ones.  
Ni increases tensile strength, at both sintering temperatures and both carbon levels, 

because of the increased density and microhardness and of the presence of the Fe-Ni(-C) 
constituent, which increases the plastic strain field (and, in turn, UTS). On sinter-hardening, 
Ni promotes a noticeable increase in both yield strength and UTS, maintaining an 
appreciable ductility thanks to the Fe-Ni-C constituent. 

Despite the great difference in microhardness, the two A2N-SH materials have a 
very similar tensile strength (both yield strength and UTS) and a lower elongation on 
increasing the carbon content. The increase in microhardness from 431 HV0.05 (0.45 %C) 
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up to 781 HV0.05 (0.55 % C) does not result in an appreciable material strengthening, 
differently from that which occurs in the lower microhardness range. This is clearly shown 
in figure 10, which reports UTS versus microhardness. 
 

 
Fig.10. Ultimate Tensile Strength as a function of microhardness. 

 
This phenomenon has been shown and discussed in previous works [17,18]. A 

microhardness threshold exists, over which the microstructural hardening does not further 
increase tensile strength. This threshold is between 300 and 500 HV0.1, depending on 
density and sintering temperature, and is due to the transition in the behaviour of the 
material from a ductile fracture (microhardness lower than the threshold) to a brittle one. 
When microhardness becomes too high (over the threshold), pores start acting as pre-
existing cracks in a brittle matrix, and the fracture resistance is determined by the fracture 
toughness of the matrix. Under these conditions, the microstructural hardening cannot result 
in an improved strength (sometimes it causes a decreases of strength), unless the fraction of 
the resisting cross section is increased by means of the green density and/or the sintering 
temperature. The results of the present work are in a good agreement with the previous 
ones, and the lower elongation of the 0.55 % C material than the 0.45 % C one confirms the 
interpretation based on the brittleness of the “matrix-porosity” whole. 

Impact energy increases with sintering temperature (improved densification 
without excessive microstructural hardening) [19], and decreases with sinter-hardening, 
Fig.11. With reference to this last condition, whilst the Ni-free material displays an impact 
energy significantly higher than that of the low temperature sintered material, the Ni 
alloyed one, because of the remarkable microstructural hardening, it suffers a greater 
energy decrease down to a level only slightly higher than that of the low temperature 
sintered material. An increase in the combined carbon content from 0.45 to 0.55 % has not 
effect on impact energy. 

 

 
Fig.11. Impact energy. 
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A global evaluation of the properties attainable by changing the sintering 
conditions for the two base materials investigated may be made with reference to Figs.12 
and 13, where yield strength and impact energy are plotted on a so called “properties map”. 
In particular, this way to present the materials properties in terms of both strength and 
toughness, gives a clear idea what could be gained when one or more parameters, like 
alloying elements, sintering temperature, and post-sintering cooling rate are changed. The 
purpose of this “properties map” is to be used as a guide line when selecting materials. 
 

Fig.12. Property map of Ni-free materials. Fig.13. Property map of Ni alloyed 
materials. 

CONCLUSION 
Rising the sintering temperature from 1120°C to 1250°C results in higher densities 

and improved pore morphology. In the case of Astaloy 85 admixed with graphite no major 
changes in microstructure take place when increasing the sintering temperature, if the 
cooling rate is kept constant. By increasing combined carbon, the refining of bainite at low 
sintered temperature was found. When Ni is added, the increase in the sintering temperature 
enhances its diffusion and, as a consequence, improves hardenability and strength. Ductility 
is improved as well. 

By combining high sintering temperature with an accelerated post-sintering 
cooling rate, the performance of PM materials can be further improved. The quantity of 
martensite is increased by adding Ni, which results in a further enhancement of the 
strength. 

According to the description given earlier for a sinter-hardening process, i.e. 50 % 
of martensite formation, materials A85 needs a higher cooling rate, whilst A2N was found 
as suitable for sinter-hardening in vacuum with a cooling rate around 8°C/sec. The increase 
in carbon content from 0.45 up to 0.55 % results in a 25 % increase in ultimate tensile 
strength of Ni-free materials and does not influence the strength of Ni-added materials. 
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