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Abstract

A comparison has been made between fully prealloyed, partially prealloyed, and elementally
admixed alloys in the "as sintered" condition in order to assess the influence of microstructural and
chemical homogeneity on the tensile, impact, and fatigue properties.

Elementally admixed and completely prealloyed powders were prepared with chemistry similar to
that of the diffusion bonded Distaloy 4600A (nominally 1.8 wt. % Ni, 1.6 wt. % Cu, and 0.55 wt. % Ho).
An addition of 0.6% graphite was made to each of these materials.

In one series of experiments, test pieces were prepared from each of the materi`1als pressed to a

green density of 6.9 g/cm3. Sintering was carried out at 2050°F for 30 minutes at temperature in a
dissociated ammonia atmosphere. A second series of experiments was carried out in which a fixed
compaction pressure of 45 tsi was applied to each of the materials. Sintering was carried out in a similar
manner to the first series. An additional prealloyed material, Sumiron 4100S, was included in this second
series of experiments. However, this material was sintered at 2300°F to reduce the tendency for oxidation
of this chromium and manganese steel alloy.

For the samples pressed to a fixed green density of 6.9 g/cm3, the tensile strength of the partially
prealloyed material was significantly higher than the other materials. The impact energy of the partially
prealloyed material was also higher.

A similar trend was found for the samples pressed at a fixed compaction pressure of 45 tsi. The
partially prealloyed product, sintered at 2050OF, was even superior to the Sumiron 4100S; sintered at
2300°F. The differences in the tensile and impact properties were significant at the one percent level. The
rotating bending fatigue performance of the partially prealloyed material was superior to that of the
Sumiron 4100S.

Introduction

The experimental work reported in this paper assesses the influence of microstructural and
chemical homogeneity on the tensile, impact, and fatigue properties of alloy steel in the "as sintered"
condition. The study is part of a project aimed at gaining a better understanding of the factors which con-
trol the toughness and fatigue response of P/H materials in order to develop P/B alloys which can
compete with wrought products.

The influence of chemical and microstructural homogeneity on the mechanical properties of
sintered ferrous materials has been studied by a number of authors (I - 6). Some of the investigations
studied the influence of increased homogeneity achieved via increased sintering time and temperature (3,
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4, 5) while others compared alloys of similar chemistry produced by different methods (I, 2, 6). For a
material of specific chemistry, produced by a given alloying method, there is some agreement that higher
sintering temperatures and increased density result in better dynamic properties. Opinions differ,
however, as to whether a homogeneous material per se is best.

Excellent reviews of the various alloying practices for the production of sintered steels have been
written by Lindskog and skoglund (7), and by Arbstedt (8). The alloying methods, which are used, for the
production of ferrous P/M parts can be divided into the following groups:
• admixtures of elemental or master alloy powders to a plain iron powder
• Diffusion bonded alloys - sometimes referred to as partially prealloyed powders.
• completely prealloyed powders
The above materials are illustrated schematically in Figure 1.

Elementally Admixed Materials

This first group covers most of the traditional P/M materials such as iron with carbon, copper,
nickel, and molybdenum where the alloying elements are blended with the iron base. This is undoubtedly
the easiest way of preparing an alloyed material. However, producing a uniform mixture involves a
number of problems that make it necessary to select equipment, mixing procedure, raw materials, and
control methods with the utmost care. Many powder users prefer to have their suppliers prepare press-
ready mixes containing all the required ingredients because the powder supplier usually has more efficient
equipment and greater experience in the handling of powders. The function of the alloying ingredients
determines the particle size and shape to be used. Unfortunately, these seldom coincide with the optimum
powder characteristics for mixing. Although this can make it difficult to achieve a uniform mix and
prevent it from segregating, such mixes can be successfully produced and shipped over large distances
without segregation by adopting a proper mixing procedure and packaging method.

Partially Prealloyed Materials

Partially prealloyed or diffusion bonded powders have been used for quite some time for the
production of high strength sintered components. The production of these powders involves the heat
treatment of a mixture of iron powder and alloying elements in a reducing atmosphere. During this
treatment, the alloying elements partially diffuse into the iron powder and a metallurgical bonding
between the iron powder and the alloying element particles is achieved. There are a number of advantages
associated with this approach to alloying. Because the alloying elements are only partially prealloyed, the
high compressibility of the iron base is maintained. Very fine powders of the alloying elements can be
added to the iron powder without the risk of segregation during transport and handling of the powder mix.
Segregation may lead to compositional variations from part to part and may contribute to variation in
dimensional change during sintering. Reduced segregation makes it easier for the parts producer to
consistently meet close dimensional tolerance requirements. Diffusion bonding the fine particle size
alloying elements to the iron base reduces their tendency to form lumps or agglomerates during
subsequent blending with graphite and lubricant. The alloying additives will thus be more evenly
distributed and can contribute more efficiently to improvements in the mechanical properties of the
sintered parts than would be possible in regular mixes.

Completely Prealloyed Materials

Completely prealloyed powders consist of particles within which all the alloying elements are
homogeneously distributed. Such powders are generally produced by water atomization of liquid alloy
steel. The powders are characterized by dense particles with regular shape; i.e., similar shape
characteristics to water atomized iron powder. With prealloyed powders, no further homogenization
during sintering is necessary. However, prealloyed powders are less compressible than pure iron powder
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because of the solid solution strengthening effect of the alloying elements. The increase in particle
hardness is roughly proportional to the concentration of alloying element and the magnitude of the effect
varies considerably from one element to another. The transition elements have little influence, whereas
elements with atomic radii deviating greatly from that of iron have a pronounced effect. Elements, which
go into interstitial solid solution in the iron, reduce the compressibility of the powder to the greatest
extent. For this reason, carbon is usually added separately as graphite.

Experimental procedure and Results

The experimental program was carried out in two phases. In one series of experiments, test pieces

were prepared from each of three materials pressed to a green density of 6.9 g/cm. For a second series of
experiments; a fixed compaction pressure of 45 tsi was applied to each of the materials. An additional
prealloyed powder, Sumiron &I00S, was included in this series of experiments. Details of the various
materials and their processing are given below.

Materials

Ancorsteel IO00B was selected as the high compressibility water atomized iron base for the
elementally admixed alloy. Nickel (Inco 123), copper (Alcan 8081-3), and molybdenum (AMAX -325
mesh) powders were added to match the chemistry of the diffusion bonded alloy.

Distaloy 4600A was chosen for the diffusion bonded partially prealloyed material. In this
material, the alloying additives are diffusion bonded to an Ancorsteel 1000B iron base by annealing in a
reducing atmosphere.

The third material, a prealloyed water atomized powder of similar chemistry to the Distaloy
4600A, was produced in an R&D pilot plant facility.

An additional prealloyed powder, Sumiron 4100S, was included in the second phase of the
program. This powder is o11 atomized to reduce oxidation of its primary alloying elements, chromium
and manganese.

Chemical analyses of the materials are given in Table I.

Compaction and Sintering

Each material was blended with 0.6 wt. % Asbury 3203 graphite and 0.5 wt. I Acravax C
(atomized grade) prior to compaction of impact and tensile test pieces In the first series of experiments,
samples were compacted to a fixed green density of 6.9 g/tm3, whereas in the second series a fixed
pressure of 45 tsi was applied. Compressibility curves for the materials are given in Figure 2.

The compressibility’s of the elementally admixed and partially prealloyed materials were very
similar and were significantly higher than the compressibility of the water atomized prealloyed powder.

Consequently, a much higher compaction pressure was required to achieve a green density of 6.9 g/cm3

in the prealloyed material. In the second series of experiments, where a fixed compaction pressure of 45
tsi was used, both prealloyed materials pressed to lower densities than the elementally admixed or
partially prealloyed powders.

Unnotched Charpy impact test pieces were produced to the dimensions specified in ASTH E23-
82. "Dog-bone" tensile specimens were prepared according to ASTH E8-85. In the second series of
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experiments, rotating bending fatigue (RBF) specimens were machined from sintered, rectangular
compacts of partially pre-a11o~ed and Sumiron 4100S materials. The RBF specimens were machined to
the dimensions shown in Figure 3.

Sintering of all materials was carried out in a pusher type furnace in a dissociated ammonia
atmosphere. The specimens were at the sintering temperature of 2050°F for 30 minutes except for the
Sumiron 4100S samples, which were sintered at a temperature of 2300°F.

For the samples pressed to a fixed green density, the elementally admixed materla1 exhibited the
greatest amount of dimensional change after sintering. The dimensional change of the partially prealloyed
material (+0.11I) was forty percent less than that for the elementally admixed material (+0.39). The pre-
alloyed material actually showed a 0.16I shrinkage compared with die size.

In the second series of experiments (45 tsi compaction pressure), the partially prealloyed material
showed only half the growth of the elementally admixed samples (+0.241 compared with +0.481).
Because of its lower compressibility, the prealloyed material had the lowest sintered density (6.90 g/cm3),
even though it shrank 0.18I during sintering. The sintered densities of the elemental (7.06 g/tm3), the
partially prealloyed Distaloy &600A (7.1l g/tm3), and the prealloyed Sumiron 4100S samples (7.07
g/tm3) were similar.

Mechanical Property Testing

Impact Testing

Room temperature, unnotched Charpy impact testing was carried out in accordance with ASTM E23-82
and the results are summarized in Table 2, Figure 4, and Figure 5. The results are the averages for five
test specimens per material. Estimates of standard deviation are included. The specimens were oriented
for testing so that the impacted face was perpendicular to the direction of pressing. The partially
prealloyed material had the best impact energy values in both sets of experiments. For the samples

pressed to a fixed green density of 6.9 g/cm3, the difference in the impact energy values for the partially
pre-alloyed and elementally admixed materials (10.5 ft. lb. compared with 8.5 ft. lb.) is significant at the
21 level. This means we can be 981 confidant that the difference is valid. For the samples pressed at 45
tsi, the difference between the impact energy of the partially prealloyed material (15.8 ft. lb.) and the
other three materials is significant at the II level. We can therefore be 991 confident that the difference in
impact energy between the partially pre-alloyed, Distaloy 46OOA sample sintered at 2050'F, and the
sumiron 4100S sample sintered at 2300OF is valid.

Tensile Testing

Tensile testing was carried out in accordance with ASTM E8-85 on an Instron test machine using
a crosshead displacement rate of 0.02 inches per minute. An extensometer was used to measure tensile
elongation relative to the 1-inch gauge length. The results, summarized in Table 2, Figure 6, and Figure 7,
are the averages for five test specimens per material.

In both sets of experiments, the partially prealloyed material had the highest ultimate tensile
strength and the highest tensile elongation (85.5 and 98.9 tsi and 2.6 and 3.5I respectively). In each phase
of the program, the differences in tensile strength are significant at the IZ level. The prealloyed materials
had the highest yield strengths. The highest yield strength observed, 71.0 tsi, was that of the Sumiron
4100S compacted at 45 tsi and sintered at 2300°F.
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Fatigue Testing

In the second series of experiments, a comparison was made between the rotating bending fatigue
performance of the partially prealloyed Distaloy 4600A and the Sumiron 4100S material. Rotating
bending fatigue (RBF) testing at 2,800 - 3,050 rpm was carried out using the two-point strategy procedure
(9). The two-point strategy involves testing at regular stress intervals until a stress level that has produced
all runouts produces a failure, and a higher stress level that has produced all failures produces a runout.
After this point is reached, all further testing is concentrated at these two levels. At least six replicates
should then be generated at these two levels.

Development of median fatigue strength estimates for the two-point method involves computing
the percentage of failures at each of the two stress levels. These percentages are assumed to plot as a
straight line on probability paper. In the present work, the data have been plotted on Weihull probability
paper.

Application of the two-point strategy depends on a reasonable initial estimate of the median
fatigue strength and the proper selection of the stress interval used. Preliminary testing can be valuable in
this regard. If sufficient specimens are available, exploratory testing can be started at a stress level
significantly above the estimated fatigue strength. Testing can then work down in stress level so that
several points on the S/N curve can he identified in the process as shown in Figure 8.

The most advantageous spacing of the stress levels is in the range of 2/3 to 3/2 of the standard
deviation of the underlying distribution (10 - 12). This spacing corresponds to approximately to 3% of the
ultimate strength of most wrought materials.

The fatigue data is summarized in Figure 9 in which stress is plotted against the percentage
probability of failure. The fatigue performance of the partially prealloyed material is better than that of
the prealloyed Sumiron 41005 even though the latter was sintered at 2300°F. The stress corresponding to
5% probability of failure (95I probability of survival) is 28 tsi for the sumiron 4l00S and 32.5 tsi for the
partially prealloyed material.

Discussion

The higher yield strengths of the prealloyed materials are probably due to their more
homogeneous chemistries and microstructures. Photomicrographs of the various sintered microstructures,
for samples compacted at 45 tsi, are presented in Figures 10 and 11.

The lower sintered density of the prealloyed material of Distaloy ~600A chemistry is apparent in
the unetched photomicrograph of Figure 10c. Despite a good degree of sinter, there is still some evidence
of prior particles in this sample. While the other three materials have similar sintered densities, their pore
morphologies and pore distributions are different. The background porosity levels are similar for the
partially prealloyed and elementally admixed materials but the latter material contains larger individual
pores (Figure 10a and b). The porosity in the Sumiron 4100S sample (Figure l0d) is on a similar scale to
that found in the partially prealloyed material but is less continuous.

The more homogeneous microstructure of the prealloyed materials is evident from Figure 11c and
d. The microstructures consist predominantly of divorced peerlite with some free ferrite. The
microstructures of the elementally admixed and partially prealloyed materials are quite complex and
contain a number of different phases (Figure 11a and b). Pro-eutectoid ferrite, colonies of very fine
pearlite, areas of divorced pearlite, martensite, and light etching nickel rich regions are found in the
partially prealloyed material (Figure lib). A similar microstructure, differing only in the proportions of the
various constituents, is present in the elementally admixed alloy (Figure 11a).

The present data show that monotonic tensile properties are not necessarily the best predictor of a
materials performance under conditions of cyclic loading. For example, in the second series of
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experiments, the Sumiron &100S material has a higher monotonic, 0.2Z offset yield strength than the
partially prealloyed materla1. This higher yield strength does not, however, correlate with a better fatigue
strength - the partially prealloyed material has the best fatigue properties. A partial explanation for this
behavior may be that these materials respond differently under conditions of cyclic loading. The cyclic
yield strength of the partially prealloyed materla1 is higher than its monotonic yield strength whereas for
the prealloyed Sumiron 4IOOS, the reverse is true (13). Cyclic hardening and cyclic softening are
illustrated schematically in Figure 12.

The good dynamic properties of the partially prealloyed material may be the result of its
heterogeneous microstructure with high interparticle bond strength, tough nickel rich areas, and fine
pearlite colonies.

The relationship between properties and microstructure is apparently quite complex. Further work
is required to quantify the pore morphology and distribution in the various materials, to better understand
the interaction between pore morphology end microstructure and how this influences properties under
conditions of cyclic loading.    The results indicate that cyclic, as well as monotonic, tensile data need to
be determined in order to better characterize a materials performance.

Conclusions

The partially prealloyed material has the best impact, tensile, and fatigue performance of the
materials examined.

For samples compacted to a fixed green density of 6.9 g/cm3, the impact properties of the
partially prealloyed materla1 (10.5 ft. lbs.), were significantly different from those of the elemental and
prealloyed materials. In this series of experiments, the tensile strength of the partially prealloyed samples
(85.5 tsi) was higher than that of the prealloyed or elemental materials. The prealloyed material had the
highest 0.2% offset yield strength (64.4 tsi).

When the materials were compared at a fixed compaction pressure of 45 tsi, the partially
prealloyed material again had the best impact (15.8 ft. lbs.) and tensile (98.9 tsi) properties.

The results indicate that monotonic tensile data is not necessarily a good predictor of properties
under conditions of cyclic loading. Porous materials with heterogeneous microstructures which cyclically
harden may be better from the viewpoint of fatigue strength than materials produced from homogeneous
pre-alloyed powders. The rotating bending fatigue performance of the partially pre-alloyed material of
Distaloy 4600A chemistry was in fact better than that of the prealloyed Sumiron 4100S.
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