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Abstract % The first phase of this two-year project was focused mainly on how to improve the density
of compacts made from carbonyl iron powders. The effects of the a phase stabilizers, Mo, P, Si, and W,
on the sintering behavior were evaluated. The dilatometer curve showed that, with a 0.7w/oP addition,
the sintering proceeded in the a phase. No phase transformation occurred at 912°C and exaggerated
grain growth was prevented. The final sintered density was improved from 87% for the pure iron to
97%. With a 5w/oMo addition, the a-g phase transformation still occurred due to the incomplete
homogenization. However, after all Mo was dissolved into the matrix, the g phase transformed back to
the a phase and resulted in high sintered density of 96%. When W and Si were added, the improvement
on sintered densities was less effective due to their low diffusion rates into iron and the large particle
size used. With mixed additives of 1.67w/oM0-0.23w/oP-0.67w/0Si, a density of 96% and a hardness
of HRB67 were attained. The criteria for a successful sintering in the a phase are (1) the amount of the
additive that is required to keep iron in the a-phase should be minimal, (2) the additive should be fine,
(3) master alloy powders are preferred over the elemental powders, and (4) the heating rate should be
low. This method of adding a phase stabilizers was applied to mixed powder with 60% coarse and 40%
fine powders recently and was found very successful in the cases that have been evaluated. Density of

96.3% and hardness of RB66.2 were obtained on Fe-0.35%P-2.5%Mo aloys.
KEYWORDS: DENSIFICATION, SINTERING, PHASE TRANSFORMATION, PIM

I. INTRODUCTION

A high sintered density is usually required for powder injection molded (PIM) parts; thus, fine
carbonyl iron powders are frequently used as the starting material. However, the sintered density of the
carbonyl iron compact is still relatively low, usually between 85 to 92%.[1,2,3] The main reasons for
such low densities are: (1) the exaggerated grain growth occurs during the phase transformation, and (2)
the diffusion rate in the g phase is lower than that in the a phase.[4,5] To increase the sintered density,
prolonging sintering time and increasing the sintering temperature are the most widely used methods,
despite the fact that the problem with grain growth is still unresolved. This study used a-phase
stabilizers as the alloying additives. Four elements, Mo, P, W, and Si, were examined to see if the
sintering could be carried out in the a phase so that the exaggerated grain growth could be inhibited
and the advantage of the fast diffusion rate in the a phase could be fully utilized.

II. EXPERIMENTAL PROCEDURE

Carbonyl iron powders with the characteristics shown in Table | were used in this study. Table Il
lists the characteristics of the additive powders, Mo, W, Fe-20w/oSi, and FesP. The amounts of the
additives were dightly greater than the minimum needed to avoid the a-g phase transformation during
heating.[6] To understand the effect of additives on the sintering behavior, dilatometer analysis was
employed to monitor the sintering behavior, particularly whether the phase transformation occurred
during heating and cooling. To prepare the specimen for the dilatometer tests, mixed powders were
pressed into 60% dense compacts and then heated at 5°C/min to 650°C in hydrogen to reduce the
intrinsic carbon in the iron powder to less than 100ppm. The reduced compacts were heated at 10°C
/min to 1250°C and then sintered for 1 hour. PIM specimens were also prepared to measure the final
sintered densities for compacts sintered at 1100, 1200, 1250, and 1300°C, respectively. A detailed
description of the procedure for preparing the specimens can be found in the previous literature.[ 7]

Tablel The characteristics of the carbonyl iron powder used in this study

Iron Powder Characteristics
Type Carbonyl Iron Powder




Designation CIP-S-1641

Average Particle Size 4.5rmm
(Laser Scattering Method)

Shape Spherica
C, wio 0.72

O, w/o 0.83
Supplier ISP

Tablell The characteristics of the alloying additives.

Power Mo w Fe3P
Fe-20w/o0Si
Supplier HCST Chu-Chow F. W. Winter Hoeganaes
Average
Particle Size
(Laser
Scattering
Method)

Density 10.2g/em® 19.1g/em® 5l1lgiem® 5.4 gem®
(Pycnometer)

271mm  10.6mm 4.08mm 17.5mm

I11. RESULTS

A. Dilatometer Analysis

The dilatometer curves of Fe, Fe-5w/oMo, Fe-6w/oW, and Fe-2w/0Si compacts are shown in
Figure 1. The densification of pure iron specimens increased with the temperature. However, after the
phase transformation, the slope of the curve changed due to the exaggerated grain growth.[4] With the
addition of 5w/oMo, the deflection of the curve at 912°C was less apparent. This indicates that some
Mo dissolved into the matrix and kept those regions in the a phase throughout the sintering. The
addition of elemental W and Fe-20w/0oSi master alloy powders resulted in a lesser degree of
densification before the phase transformation than for pure iron. The phase transformation still
occurred at 912°C . This suggests that the homogenization rates of W and Fe-20w/0Si were quite slow.
Among these three additives, Mo is the most effective sintering aid.
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Figure1 The dilatometer curves of Fe, Fe-5w/oMo, Fe-2w/0Si, and Fe-6w/oW compacts heated at 10
‘C/minto 1250°C and then sintered for 1 hour in hydrogen.

Figure 2 shows the derivatives of the curves shown in Figure 1. The highest shrinkage rate for
each of the four materials occurred between 880°C and 912°C. After the phase transformation, the
shrinkage rate decreased significantly. Although all four materials show the a-g phase transformation
during heating, no g-a transformation occurred during cooling except the Fe-6w/oW, as shown in
Figure 2b.
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Figure 2(a) The shrinkage rate of Fe, Fe-5w/oMo, Fe-2w/0Si, and Fe-6w/oW compacts heated at 10
‘C/minto 1250°C and then sintered for 1 hour in hydrogen.
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Figure 2(b) The shrinkage rate of Fe, Fe-5w/oMo, Fe-2w/oSi, and Fe-6w/oW compacts during
cooling.

Figure 3 shows that when the phosphorous was added, the dilatometer curve was very smooth,
without any deflection at 912°C . The densification was almost completed before reaching 1200°C . The
final amount of shrinkage was 15%. The curve shown in Figure 4 indicates that the maximum
shrinkage rate occurred at about 910°C and no signs of the phase transformation were observed.
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Figure 3 The dilatometer curves of Fe and Fe-0.7w/oP compacts heated at 10°C/min to 1250°C and
then sintered for 1 hour in hydrogen.



Figure 5 summarizes the densities of injection molded Fe, Fe-5w/oMo, Fe-0.7w/oP, Fe-6w/oW,
and Fe-2w/0Si compacts sintered for 1 hour at 1100°C, 1200°C, 1250°C, and 1300°C, respectively. The
density increased as the sintering temperature increased. Phosphorous was shown to be the most
effective additive, followed by Mo, Si, and W.
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Figure 4 The shrinkage rate of Fe and Fe-0.7w/oP compacts heated at 10°C/min to 1250°C and then
sintered for 1 hour in hydrogen.
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Figure 5 The densities of carbonyl iron powder compacts with the additions of 0.7w/oP, 2w/oSi,
5w/oMo, and 6w/oW, respectively.

Although phosphorous is the best sintering aid among the additives examined, it usually impairs
the mechanica properties when a high amount is used. Thus, a ternary aloy additive,
0.23w/oP-0.67w/0Si-1.67w/oMo, was studied. The result shown in Figure 6 indicates that the amount
of shrinkage after sintering was about 14.5%, similar to that with 0.7w/o phosphorous. However, its
effect is still less obvious compared to phosphorous. The sintering curves with heating rates of 5 and 10
C/min were also compared. The slower heating rate helped homogenize the alloying additives and thus
improved the densification. The hardness attained on parts using 10°C/min was HRB68, which is
suitable for use in structural parts.

With the positive results of adding a phase stabilizers, these additives were used for coarse
powders. In the early stage of the experiment, 100% water atomized powders with an average particle
size of 43i m were employed. The results showed only 9% shrinkage. Thus, a mixed powder with 60%
coarse and 40% fine powders was used in the subsequent experiments. The final sintered densities and
hardness of the specimens made from mixed iron powders are given in Table I11. Despite of the low
carbon content of less than 0.03% in all specimens, a hardness of HRB 66.2 was still attained for
Fe-0.35%P-2.5%Mo. This was attributed to the high sintered density and the solid-solution
strengthening effect of the additives.



Table Il The sintered density and the hardness of compacts that contain 60% coarse powders.

Sintered Hardness (HRg)

Density (%)
Fe 80.9 5.9
Fe-0.7P 97.4 62.4
Fe-2Si 96.8 74.2
Fe-5Mo 97.1 56.3
Fe-6W 96.7 58.7
Fe-0.35P-2.5Mo 9.3 66.2

IV. DISCUSSION

The above results show that, with the addition of a-phase stabilizers, the densification of PIM
compacts improved significantly. Among P, Mo, Si, and W, only phosphorous was dissolved
completely in the matrix prior to the phase transformation. This is probably because it
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Figure 6 The dilatometer curve of Fe-0.23w/oP-0.67w/0Si-1.67w/oMo compacts heated at 5 and 10
C/min, respectively.

was added in the compound form, instead of the elemental powder form, and the particle size used was
quite small, only 4.08mm. This allows the material to be sintered in the a phase even at 1250°C. In
contrast, when Mo, W, and Si were added to the iron compacts, the homogenization rate was much
slower. The reasons are that (1) a large particle size was used, (2) large amounts of solute must be
dissolved as predicted by the phase diagram, or (3) the low volume fraction (due to the high specific
weight) of the additive was in the matrix, causing the long diffusion distance. Taking tungsten as an
example, the powder size used was 10.6mm; six weight percent is required to avoid the g phase
formation during heating; the density was 19.4g/cm®. Thus, the homogenization of Fe-6w/oW,
Fe-5w/oMo, and Fe-2w/0oSi was incomplete when 912°C was reached, as was indicated by the
dilatometer curve shown in Figure 1 and Figure 2a. However, the homogenization continues as the
sintering temperature increases. Thus, although the compact turned into the g phase at 912°C, it could
transform back to the a phase at high temperature. This will increase the densification rate, since the
diffusion rate in the bce structure is at least 100 times faster than that in the fcc structure. This is
exemplified by the Mo, for which the shrinkage rate shown in Figure 2a increased again after the phase
transformation and reached a second peak at about 1080°C . In the four systems examined, Fe-P, Fe-Mo,
and Fe-Si systems were homogenized and formed the a-phase after sintering. This is verified by their
shrinkage rates shown in Figure 2b, in which no sharp changes were noticed during cooling.



V. CONCLUSIONS

With the addition of a-phase stabilizers, sintered densities of carbonyl iron compacts were
improved. Among the four elements, P, Mo, Si, and W, that were examined, phosphorous provided the
best results, followed by Mo, Si, and W, in order of effectiveness. The dilatometer curve indicated that,
when 0.7w/oP was added, the a phase was present throughout the sintering. The density attained was
97%. When Fe-0.23w/0P-0.67w/0Si-1.67w/oMo was sintered, a density of 96% and hardness of 68
HRB were achieved. To select the ideal a-phase stabilizers, the amount that is required to remain in the
a-phase should be low, the additives should be in the fine powder form, and the master alloy powder is
preferred over the elemental powder.

When mixed powder with 60% coarse powder was used, similar effect was obtained. when
0.7w/oP was added, the density attained was 97.4%. When Fe-0.35%P-2.5%Mo was sintered, a density
of 96.3% and hardness of 66.2 HRB were achieved. Further detailed results on the mechanical
properties and the effect of coarse powders on processing, such as in debinding and molding, will be
reported at the end of this project.
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