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AS-REPRESSED PROPERTIES OF DOUBLE COMPACTED Cr-Mo 
AND Mo PREALLOYED PM STEELS 

M. Azadbeh, H. Danninger, Ch. Gierl 

Abstract 
Obtaining higher densities is a major target in powder metallurgy, and 
there are many parts that require higher densities than can be obtained 
by conventional die compaction. One method for solving this problem is 
double compaction, which seems to be a potentially attractive production 
route in PM also for Cr-Mo and Mo alloyed steels. The objective of this 
research was to find the optimum conditions for obtaining higher 
densities and minimise interconnected porosity. The effect of the 
temperature of intermediate annealing was studied for Cr-Mo and Mo 
prealloyed steels, respectively, and the optimum temperature range was 
identified. It could be observed that the density of repressed samples 
increases with higher annealing temperature up to a certain limit, 
softening of the matrix as well as generation of free porosity through 
some C dissolution being helpful. On the other hand, too high annealing 
temperatures should be avoided either, since too much dissolution of 
carbon during annealing is detrimental, resulting in harder and less 
deformable compacts. Even at this latter condition, however, no 
repressing cracks were observed.  
Keywords: sintered steels, double pressing, density, annealing 

INTRODUCTION 
For studying the densification of bulk powder, one should include all 

manufacturing steps in a careful analysis, starting from pressing the metal powder in a die, 
another attempt should be done to analyse changes in the compact taking place during 
presintering and sintering. 

Cold compaction of ferrous materials is limited to density levels of about 
7.1 g·cm-3 maximum due to work hardening processes. For attaining higher densities, either 
warm compaction or high velocity compaction can be carried out, or double pressing can be 
employed.  

Compaction has been intensely studied using simulation approaches (e.g. [1-3]). 
Most of the studies were performed involving the simulation of powder compaction using 
FEM and based on the elastic-plastic deformation with large displacement, where the 
powder is considered as a continuum which exhibits plastic deformation under applied 
external pressure [4-8].  

In compaction processes, strain hardening effect and work hardening of grains 
during the compression must be taken into account [9]. Therefore it can be concluded that 
work hardening occurs during compaction [10]. In double pressing, the compacted samples 
are then further processed by a second pressing step, therefore they need intermediate 
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annealing [11]. When a cold worked metal is heated, a softening occurs through recovery 
and recrystallization. Cold working usually decreases the ductility of the metal but 
increases the strength, during recovery these properties return gradually to their original 
values and internal stresses decrease. The recrystallization temperature is a function of the 
compacting pressure [12]. To achieve optimum annealing temperature, thermomechanical 
processing was performed at different annealing temperatures. As it is seen in the 
metallographic investigation of samples, until around 800°C there is hardly any change in 
microstructure. With attention to the point that more complete recovery occurs at higher 
annealing temperatures [13], it can be observed that the green density of samples rises with 
increasing annealing temperature, since work hardening is more completely removed. On 
the other hand, in carbon containing sintered steels dissolution of carbon during annealing 
is regarded as detrimental, since it results in harder and less deformable compacts. 
Therefore, too high annealing temperatures should not be applied either.  

Finally, high temperature annealed specimens contain quite significant sintering 
contacts [14,15], and it might be assumed that repressing leads to failure of at least some of 
these contacts, i.e. a sort of “repressed cracks”. Such defects should be discernible through 
mechanical testing of the repressed specimens i.e. through lower repressed strength levels 
after annealing at too high temperatures.  

EXPERIMENTAL PROCEDURE 
Prealloyed powders Astaloy CrL (Fe-1.5% Cr-0.2% Mo) and Astaloy Mo (Fe-

1.5% Mo), respectively, were mixed with 0.6% C (natural graphite UF4), and the mixes 
were uniaxially compacted at 600 MPa to bars with rectangular shape (55x10x10 mm) in a 
pressing tool with floating die. Then the samples were annealed in a tube furnace for 30 
min at various temperatures (400, 500, 600, 700, 750, 800, 850, 900, 950, 1000°C) in 
flowing N2 of 99.999% purity and cooled in the water jacketed exit zone (cooling rate ≅ 
36°K/min). After grinding the die (shear) surfaces of the samples, to make them fit into the 
die, they were repressed at 600 MPa in the same tool previously used for powder pressing. 
At least three parallel samples each were tested as repressed.  

The repressed specimens were characterized by measuring the density through 
water displacement. In this case the density was determined by the Archimedes method 
(DIN ISO 3369) since this technique is more precise than calculating the density from the 
dimensions as done with the green compacts. The transverse rupture strength was 
determined in 3-point bending, the distance between supports being 25.4 mm, using an 
universal testing machine Zwick 1474. The apparent (= macro-) hardness was measured on 
an EMCO M4U-025 tester and the microhardness on a LECO LM100. Metallographic 
sections were prepared following standard procedures; to make sure that the pore structure 
was properly shown, the specimens were resin impregnated before polishing. The repressed 
microstructure was investigated by optical microscopy. Fracture surface analysis was done 
on a scanning electron microscope JEOL 6400. 

RESULTS 
The optimum annealing temperature for double pressing was defined on samples 

that were annealed for 30 min in N2 at different temperatures, criteria being the resulting 
properties such as repressed density, repressed transverse rupture strength, macro- and 
microhardness of the repressed samples. The properties obtained after repressing are listed 
in Table 1. They give a good reference to the process taking place at the respective 
intermediate annealing temperature between both compacting steps. 
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Tab.1. Main characteristics of the repressed materials. Compacted 600 + 600 MPa, 
intermediate anneal 30 min in N2. 

As repressed 

M
at

er
ia

l Ann. 
Temperature 

[°C] 
Repressed 
Density* 

[g·cm-3] 

TRS 
[MPa] 

Hardness 
HV 30 
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- 7.02 15 76 118 
400 7.13 12 77 120 
500 7.14 15 77 118 
600 7.15 16 84 120 
700 7.15 49 99 123 
750 7.29 69 100 110 
800 7.31 83 101 107 
850 7.34 100 103 121 
900 7.25 221 120 144 
950 7.10 414 136 148 
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1000 7.01 638 163 193 
- 7.06 15 69 138 

400 7.16 13 70 139 
500 7.15 14 74 155 
600 7.17 15 72 150 
700 7.23 48 101 153 
750 7.24 139 116 155 1.
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800 7.30 245 123 163 
 850 7.33 291 128 161 
 900 7.25 407 130 158 
 950 7.11 556 162 245 
 1000 7.10 760 174 251 
* Repressed density was measured by Archimedes method. 
(The green density values for Astaloy CrL-C and Astaloy Mo-C single compacted at 600 
MPa are 7.02 and 7.06 g·cm-3, respectively.) 

 
In Figure 1 the repressed density of samples prepared for measuring the repressed 

transverse rupture strength is shown graphically. The green density values for Astaloy CrL-
C and Astaloy Mo-C single compacted at 600 MPa are 7.02 and 7.06 g·cm-3, respectively. 
Maximum obtained repressed densities for Astaloy CrL-C and Astaloy Mo-C are 7.34 and 
7.33 g·cm-3, which indicate that the parts are 4.5% / 3.8% denser than the parts without 
annealing and then repressing. Evidently the effect of repressing was more pronounced with 
the Cr-Mo prealloyed material than with the Mo alloyed, the former exhibiting lower green 
but higher repressed density. This can be explained through the microstructures, as will be 
shown below. 
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Fig.1. Effect of annealing on repressed density (obtained by Archimedes method). 600 + 

600 MPa, intermediate anneal 30 min in N2. 

At lower annealing temperatures, in the range of 400°C up to 700°C, the repressed 
density does not change very much and the results are approximately the same. Above 700°C 
to around 850°C the repressed density increases. The maximum increase in repressed density 
for both materials is found at the range of 850°C annealing temperature. The best range of 
annealing temperature for Astaloy CrL is between 750 and 850°C and for Astaloy Mo is 
850°C, i.e. the Cr-Mo steel is more tolerant to the annealing temperature. Finally, a very 
pronounced decrease in repressed density is seen after annealing at 900°C and above, which 
confirms that for optimum repressibility, too high annealing temperatures are detrimental.  

For both materials, changes in repressed density as the consequence of the 
intermediate annealing process can be related to newly created space between the particles 
that is caused by removal of oxygen and graphite from the interparticle contacts – oxygen and 
some graphite being removed as CO/CO2, see [16,17], C being at least in part dissolved in the 
matrix - which enable the green parts to be better repressible. It is well known that phases 
with low density – such as graphite or lubricant - inhibit densification during powder pressing 
[18,19], but it is less clearly recognized that the same holds also for repressing. 

In the selected range for the annealing temperature, with increasing annealing 
temperature carbon dissolution increases, but it should be considered that too much dissolved 
C hardens the matrix and thus inhibits densification. There is an optimum temperature 
between the selected extremes for the annealing temperature to meet maximum repressed 
density. At annealing temperatures lower than the optimum, an increase in carbon dissolution 
causes rising in hardness of green bodies before repressing but inversely, because of carbon 
dissolution, empty interparticle space can be useful for better repressing and meeting high 
repressed density. In any case it should not be neglected that carbon dissolution in practice 
requires markedly higher temperatures than thermodynamically assumed [20].  

At higher annealing temperatures the microstructure of Astaloy CrL is ferritic-
pearlitic, and with rising annealing temperature the content of pearlite increases. In the case of 
Astaloy Mo, such behaviour similar to Astaloy CrL is related to the change of microstructure 
to a bainitic one and to formation and growth of metal bridges between particles during the 
annealing periods.  

At the temperatures higher than the optimum annealing temperature, because of neck 
formation between the particles these bodies are equivalent to low temperature sintered 
samples, and the repressing must be done against strong necks and with harder materials, 
therefore the densifying effect of repressing will be limited. Nevertheless, the decreasing of 
repressed density in the range of 850-1000°C is mostly related to domination of harder 
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microstructural constituents such as pearlite and bainite, respectively, in the case of Astaloy 
CrL and Astaloy Mo, which can be seen to advantage e.g. through hardness testing.  

The results of macrohardness measurement with a load of 30 kg (HV 30) for 
repressed samples are shown in Table 1 and are graphically depicted in Figs.2 and 3.  

 

 
Fig.2. Effect of intermediate annealing on macrohardness of repressed Astaloy CrL and 

Astaloy Mo. 600 + 600 MPa, intermediate anneal 30 min in N2. 

 
Fig.3. Macrohardness vs. repressed density of Astaloy CrL and Astaloy Mo. 

With increasing annealing temperature, the hardness of the repressed samples 
increases. This behaviour is a consequence of carbon dissolution that affects the hardness of 
green bodies, therefore the hardness of the repressed specimens will be higher. 

In this figure it is seen that when increasing the annealing temperature up to 600°C, 
the hardness is more or less constant, but with increasing annealing temperature above 700°C, 
the hardness of the repressed samples increases. This behaviour also is an influence of carbon 
dissolution that affects the hardness of green bodies, therefore the hardness of the repressed 
specimens will be higher. Regarding this illustration, it is at first surprising that the optimum 
densification occurs after annealing between 750 and 850°C – which results in quite 
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noticeable increase of hardness - but here the effect of the voids generated by carbon 
dissolution has to be considered that seems to play a more pronounced role than the slight 
increase of the matrix hardness.  

At annealing temperatures above around 900°C more increase in hardness occurrs 
which is related to increased appearance of second phases such as pearlite and bainite, 
respectively, for Astaloy CrL and Astaloy Mo. The macrohardness results are in a good 
agreement with the microstructure of the samples, as will be shown below. 

From considering Figs.1 and 3 the response of the repressed density to the annealing 
temperature is clear. As can be seen, after annealing at higher temperature the more 
pronounced increase in hardness limits the repressibility. 

The values for repressed transverse rupture strength, as the most sensitive property 
indicating the interparticle strength of Astaloy CrL and Astaloy Mo, obtained after annealing 
at different temperatures are listed in Table 1 and graphically shown in Figs.4 and 5. 

 

 
Fig.4. Effect of the intermediate annealing temperature on transverse rupture strength of 

repressed Astaloy CrL and Astaloy Mo. 

 
Fig.5. Transverse rupture strength vs. repressed density of Astaloy CrL and Astaloy Mo. 
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Figure 4 shows the effect of annealing temperature (400-1000°C) on repressed 
strength of Astaloy CrL and Astaloy Mo. Repressed transverse rupture strength increases 
with rising temperature of the intermediate annealing process. The response of TRS to the 
annealing temperature is similar to that of the hardness. In this case of increasing TRS with 
rising annealing temperature the removal of graphite from the interparticle contacts – which 
acts as a non-metallic inclusion, i.e. a defect, there - seems to play the major role [14,15] 
while for the hardness this is due to matrix strengthening. 

Annealing up to 700°C causes a profound increase in repressed transverse rupture 
strength of Astaloy Mo. At 800°C and 900°C annealing temperature, the repressed TRS of 
Astaloy Mo is 245 and 407 MPa and for Astaloy CrL is 83 and 221 MPa, respectively. 
In contrast to the TRS values at 700°C, there is an increase by 197 and 359 MPa in 
repressed TRS for Astaloy Mo and 34 and 172 MPa in the case of Astaloy CrL. 

The repressed transverse rupture strength for 1000°C annealing temperature is 638 
and 760 MPa, respectively, for Astaloy CrL and Astaloy Mo. In this experiment, the 
fractographic study of repressed specimens shows retarded neck formation for Astaloy CrL 
compared to Astaloy Mo which can be a reason for such an increase in TRS for Astaloy Mo 
with respect to Astaloy CrL. (This should result in better repressibility of Astaloy CrL 
compared to Astaloy Mo). These results are in good agreement with studies described in 
[21] for the Cr-Mo prealloyed Astaloy CrM, according to which formation of sintering 
necks as well as carbon dissolution is retarded compacted to unalloyed or Mo alloyed 
steels.  

In any case, the very high TRS values obtained after annealing in the 1000°C 
range indicates that there is no cracking of the necks formed during high temperature 
annealing (which in fact is low temperature sintering); otherwise a drop of the TRS values 
would have been found.  

Figure 5 shows the TRS of repressed Astaloy CrL and Astaloy Mo versus density. 
The behaviour of TRS with respect to repressed density is similar to that of the hardness. 

METALLOGRAPHIC INVESTIGATION 
When studying the microstructure of the repressed samples (after repressing and 

before sintering), the main interest was focused on the interparticle bridges and the 
appearance of second microstructural constituents in the ferritic network. 

Two effects on microstructure are obvious, in consequence of carbon dissolution 
and the change of pore structure and microstructure of repressed samples annealed at 
different temperature; 
• Network of interparticle boundaries  

Comparison of the pore structure and microstructure of pressed samples annealed 
at different temperatures from 400 to 900°C and repressed at 600 MPa shows that at lower 
annealing temperatures the interparticles spaces are rather thick – the admixed graphite 
being located there - , and with increasing annealing temperature the existing network of 
interparticles boundary gets thinner because of carbon dissolution. 

 
• Nucleation of another phase in the ferritic matrix and domination of new 

microstructural constituents at higher annealing temperatures. 
When comparing the obtained microstructures, especially at higher magnification 

it can be seen that at annealing temperatures above 700°C, nucleation of another phase such 
as bainite for Astaloy Mo and pearlite in the case of Astaloy CrL has occurred (see Figs.6 
and 7). Thus the microstructure of Astaloy Mo is mostly ferritic-bainitic and for Astaloy 
CrL is ferriic-pearlitic.  
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Following the repressed density values and the microstructure obtained, the best 

annealing temperature for double compacting of these materials can be defined to be around 
800 or close to 850°C. At higher annealing temperatures of e.g. 1000°C the microstructure 
of the samples is changed mostly to bainitic one in the case of Astaloy Mo and for Astaloy 
CrL the obtained microstructure under this condition is pearlitic, and a little ferritic phase is 
seen. 
 

   
at 700°C at 800°C at 900°C 

Fig.6. Microstructure of Astaloy CrL +0.6% C, compacted at 600 MPa and annealed at the 
indicated temperature for 30 min, and repressed at 600 MPa. (as repressed). 

 

   
at 700°C at 800°C at 900°C 

Fig.7. Microstructure of Astaloy Mo +0.6% C, compacted at 600 MPa and annealed at the 
indicated temperature for 30 min, and repressed at 600 MPa. (as repressed). 

FRACTOGRAPHY 
The fracture surfaces obtained with repressed Astaloy Mo and Astaloy CrL give a 

good reference to the corresponding properties achieved in the effect of intermediate 
annealing, and the differences in neck formation between the particles at various annealing 
temperatures stand out clearly. 

The fracture surfaces show that with increasing annealing temperature, significant 
changes in fracture morphology occur. Within the range of annealing temperatures studied 
here, these variations are more evident for Astaloy Mo than for Astaloy CrL.  

Comparing the fracture surfaces of repressed Astaloy CrL and Astaloy Mo after 
annealing at 700°C, 800°C and 900°C shows retarded contact formation for Astaloy CrL in 
contrast to Astaloy Mo (see Figs.8 and 9). In the case of Astaloy CrL annealed at 900°C, a 
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few dimples can be seen in the fracture surface, while in the case of Astaloy Mo the 
contacts at the same annealing temperature are numerous, and dimples begin to be visible 
eat annealing temperatures above 700°C. The formation of necks between particles of 
Astaloy CrL requires higher annealing temperatures. At 900°C annealing temperature very 
small necks, like points are created [21]. 
 

at 800°C at 900°C 
Fig.8. Fracture surface of repressed Astaloy CrL, annealed at indicated temperatures. 

 

at 800°C at 900°C 
Fig.9. Fracture surface of repressed Astaloy Mo, annealed at indicated temperatures. 

CONCLUSIONS 
In the double compacting process, carbon dissolution as a consequence of 

intermediate annealing plays a major role to change repressibility. This phenomenon can be 
explained from two viewpoints; 
• Regarding the porosity: Carbon dissolution [11,22-24] can be positive because of 

generation of empty interparticle space that can help to better repressing. 
• Regarding the metallic matrix: Increased hardness as the result of carbon dissolution 

has a negative effect on repressing. 
Between these two antithetical extreme effects there is an optimum state to 

achieve the highest repressed density as a sound basis for other treatments such as sintering 
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at suitable temperatures or perhaps some heat treatment operations to obtain high density 
materials with improved mechanical properties for high performance applications. 

If the correct annealing temperature is chosen, Astaloy CrL and Astaloy Mo can 
be double pressed to markedly higher densities than through single pressing. In this 
investigation, the repressed density of around 7.34 g·cm-3 has been attained. 

At temperatures above the optimum annealing temperature, because of the neck 
formation between the particles, these bodies are similar to the low temperature sintered 
samples and the repressing must be done against strong necks and harder materials. This 
might be expected to increase the risk of introducing microcracks through repressing. 
However, the experiments did not show any indication of defect formation during 
repressing, which should result in drop of TRS.  

The hardness and TRS values of repressed samples at different annealing 
temperature indicate carbon dissolution, only with significant amounts of carbon being 
dissolved these properties being markedly increased. For the hardness this is due to matrix 
strengthening while for TRS the removal of graphite from the interparticle contacts seems 
to play the major role [15]. 

Differences in the number of necks generated between particles and their volume 
growth during the intermediate annealing process are responsible for the repressed - and in 
consequence the sintered - properties of samples. It depends strongly on the powder 
composition. The study of the fracture surfaces of Astaloy Mo shows that first necks, 
visible in the fractograph as dimples, are formed above 700°C annealing temperature, and 
the amount of dimples and volume growth of these formed necks increases with rising 
annealing temperature, while at the lower annealing temperatures such interparticle 
connections can not be seen. The formation of necks between particles of Astaloy CrL 
occurs at higher annealing temperatures. At 900°C annealing temperature very small necks, 
like points are generated [21].  

Also the study of the microstructures gives a good reference to the mechanism 
taking place during the intermediate annealing process. The dissolution of carbon results in 
a change of the microstructure of green bodies and in consequence also microstructure of 
repressed bodies, and the existing network of interparticles boundary gets thinner. 
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