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ABSTRACT

Iron-copper and iron-copper-carbon have been significant alloy compositions in the ferrous

powder metallurgy industry for decades. In most applications in which these alloys are used,

the copper is mixed into an iron or low-alloy steel base powder as an elemental particulate

additive, with alloying accomplished by diffusion during sintering. In this manuscript, the effect

of sintering on the development of the microstructure is investigated, where the copper par-

ticles melt and flow into the interconnected pore structure, relocate within the iron-base

matrix, and create more interfacial area for diffusion. With this combination of enlarged

copper-iron contact area and the presence of the liquid phase, diffusion is improved and

enhancements in both physical and mechanical properties are realized. The mechanisms

for both alloying and the evolution of the microstructure are described through changes in

both compact temperature and the time at sintering temperature. It is demonstrated that

alloying strengthens not only the surfaces of the particles, but also many of the most vulnerable

sites in the compact, i.e., the locations where neighboring particles are forced into contact

during compaction. These sintered particle-to-particle contacts are frequently small in

cross-sectional area and often the weakest sites in the final microstructure. Fractography is

used to show the change in fracture behavior as copper diffusion is affected by sintering times

and temperatures.
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Introduction

One of the significant benefits of the ferrous powder metallurgy (PM) process is the ability to tailor the chemical

composition of a powder mixture to produce an intended microstructure in sintered parts and therefore sintered

properties capable of satisfying specific application requirements. This is often accomplished by mixing particu-

late alloying additives into an iron or prealloyed low-alloy steel base powder. These additives can be elemental

(single element), ferroalloys (alloyed with iron), or complex (multi-element) in composition, and their individual

behaviors during the sintering process can vary greatly due to composition, particle size and shape distributions,

concentration of the alloying elements in the additives, and distribution of the particles within the mix volume.

The intention in choosing combinations of alloying elements at specific concentration levels is to enhance selected

material properties through diffusion of the additive into the iron-based matrix and sometimes from the matrix

into the additive during sintering. Consequently, with the correct determination of chemical composition, choice

of alloying additives, and proper sintering conditions, the desired combination of transformation products, grain

size, etc. can be created during cooling from the sintering temperature. In order to accomplish this and maximize

the effects of the additives on the development of the microstructure, the alloying elements must diffuse into the

austenite when the compact is sintered. Undiffused additives generally do not improve sintered properties.

Iron-copper-carbon alloys, especially the Metal Powder Industries Federation (MPIF) designations1 FC-0205

(iron+ 2 weight percent [wt.%] copper+ nominal 0.5 wt.% carbon) and FC-0208 (iron+ 2 wt.% copper+
nominal 0.8 wt.% carbon), have been the “workhorse” of the ferrous PM industry for decades. Research and

part production using the iron-copper-carbon alloy system began in the late 1940s and early 1950s.2,3 There

are several reasons for the success of these compositions, including the formation of a copper-rich liquid phase

during sintering,4–8 which acts as the facilitator for property improvements. Various alloying and microstructural

events occur with the liquid phase formation and redistribution of the copper into the powder compact.9–16

Particle-to-particle bonding is enhanced through contact with the liquid phase, ferrite is strengthened by copper

diffusion, and the shape of the porosity becomes smoother and more rounded, thus reducing the number of sharp

stress raisers.17,18 The second additive in these mixtures, graphite, is the carbon source. From a microstructure

and property standpoint, the carbon diffuses into the austenite and transforms to pearlite upon conventional

furnace cooling of the sintered part.

The alloying from diffusion of the additives occurs along both particle and grain boundaries, and the amount

of interfacial contact between the matrix particles with the additives determines the initial locations for the

alloying paths. The particle boundaries can be free surfaces, e.g., pore edges, and those produced during com-

paction, where particles are forced into intimate contact with neighboring particles. These touching particles are

not bonded until the part is sintered, and the boundaries may be locations where a liquid copper phase can

penetrate, resulting in an increase in the available surface area for alloying. Movement of the alloying elements

along the grain boundaries takes place simultaneously with the surface alloying, however at a slower rate because

it is in solid state compared with the liquid phase. In both cases, the additive diffuses from these boundaries into

the grain interiors, and a gradient is created from high concentration at the additive particle or liquid phase

locations to lower concentration at the grain interiors. As sintering time is lengthened, the alloying penetrates

farther into the grain interiors and affects a larger part volume.

The effects of alloying on the mechanical properties of a part can be seen on fracture surfaces, where the

appearance and characteristics of fracture are indicators of compact behavior when exposed to various types of

stresses. Failure exposes the weak areas in the microstructure and defines the local load-bearing cross section,

especially in porous parts where alloying and sintering determine the localized particle-to-particle properties.19–21

The scale of the details on the fracture surface ranges in size from macroscopic to microscopic, and both are

important in determining how, why, and where a part failed.22 The sintered necks, usually the smallest in

cross-sectional area and the weakest regions in the compact, are most likely to fracture in PM steels.23,24

Historically, authors have explored various aspects of the iron-copper and iron-copper-carbon systems.

Pore formation,18 with dimensional and microstructural characteristics including the effects of the liquid phase,
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has been investigated for iron-copper alloys both with and without carbon additions.25–30 In this current work,

metallographic techniques are used in a two-part research program to explore the progression of alloying, its

impact on microstructure evolution, and the development of mechanical and physical properties. Compact den-

sity, sintering temperature, and sintering time at temperature are used as the variables. It is hoped the information

in the previous studies is enhanced with the sintering and fracture surface analyses from this manuscript to

develop a greater understanding of the iron-copper-carbon alloys.

Materials and Methods

To illustrate the microstructural effects of using copper as an elemental additive to an iron-base mixture, two

sintering programs were implemented. The same mix composition and sample configuration were used in both

studies. Sintering temperature and preform density were the variables in the first program (henceforth referred to

as the density-sintering temperature study) and residence time in the high heat zone of the sintering furnace was

the variable in the second (sintering time study).

A copper-containing mix with a composition within the FC-0205 designation,1 2 wt.% copper and 0.6 wt.%

graphite with an unalloyed iron powder base, was prepared and used as the alloy powder for these studies. The

unalloyed iron base was commercially available water atomized Ancorsteel 1000B manufactured by Hoeganaes

Corporation, the graphite was grade 3203H from Asbury Graphite, and ACuPowder 8081 was the copper source.

The particle size distribution of the copper powder was typical for PM applications, with a median particle size

(D50) of approximately 40 μm. The final ingredient was Acrawax C, a dry lubricant (ethylene bisstearamide)

manufactured by Lonza.

In the density-sintering temperature study,31 rectangular transverse rupture strength (TRS) bars were

pressed to three densities, 6.5, 6.8, and 7.1 g/cm3, and sintered at 1,066°C (1,950°F), 1,093°C (2,000°F), and

1,120°C (2,050°F) in a laboratory continuous belt furnace. The belt speed was constant at 7 cm/min and the

samples were protected under a reducing atmosphere of 90 volume percent (vol.%) nitrogen+ 10 vol.% hydro-

gen.32,33 This belt speed resulted in a sintering time of 15 min at temperature, with the time at temperature

defined as ±5°C of the intended sintering temperature.

TRS34,35 and apparent hardness (Hardness Rockwell A [HRA])36,37 were measured on each sintered bar, with

the broken bars saved and preserved for metallographic examination. Bars from each density-sintering temper-

ature combination were selected for cross-sectional and fractographic metallographic analysis.

The sintering time study was performed to examine the microstructural progression caused by sintering time

using the same FC-0205 mix composition, although at a single sample density of 6.8 g/cm3. The sintering process

was changed from using a continuous belt to a tube furnace, and the time the samples were exposed to the

sintering temperature was varied. In this study, the sintering temperature was set at 1,120°C (2,050°F).

To create the time snapshots of the sintering process, a tray at room temperature containing a set of as-

compacted, “green” bars was pushed directly into the high heat zone of the tube furnace. This avoided the preheat

normally experienced in a continuous belt furnace and created a substantially faster heat-up rate. The initial time

in the high heat zone was five min, with each subsequent sintering time increased by five-min intervals, to the

longest time of 50 min. After the predetermined time in the hot zone, the tray was pushed directly into a water-

jacketed cooling zone. As a result, the bars in the furnace for the shortest times did not reach the intended sinter-

ing temperature, and those sintered longer not only reached the set temperature but exceeded the time at temper-

ature usually seen in commercial practice. By pushing the samples directly into the cooling zone, diffusion and

sintering was stopped and the microstructure transformed. After cooling, representative samples were

selected for examination.

A transverse cross section was removed from selected samples in both studies. These were sectioned and the

cut surface prepared using metallographic techniques designed for this alloy. The cross-sectional metallographic

testing for both studies consisted of visual examination using both light optical and scanning electron microscopy,

LOM and SEM, in the unetched (as-polished) and chemically etched conditions using a Leica MEF4 LOM and
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a JEOL 6460 LV SEM. Where etching was required, a mixture of 2 vol.% nital and 4 wt.% picral was used.

Chemical analysis using energy dispersive spectroscopy (EDS) was performed on precisely chosen cross-sectional

locations using a Thermo Fisher Scientific System Six X-ray Microanalysis System. In addition, secondary elec-

tron images (SEIs) of the fracture surfaces were acquired using the aforementioned SEM.

Results and Discussion

SINTERED PROPERTIES

The sintered property data from the density-sintering temperature study are shown in Table 1. These data are

grouped by initial “green” density and separated by sintering temperature within each group. Considering the

three sintering temperatures, the lowest, 1,066°C, is below the melting temperature of the added copper particles

(1,083°C). As a result, all alloying from the copper occurs in the solid state from locations where the additive and

matrix particles are in forced contact by compaction. The two higher sintering temperatures are above the copper

melting point. Consequently, after melting, the liquid copper flows into the surrounding pore network by capil-

lary action, resulting in redistribution of the copper through the interconnected pore network. Diffusion is im-

proved due to the increase in the liquid copper-iron matrix contact, and alloying occurs at the particle boundaries

and along grain boundaries. Diffusion is also improved with the increase in sintering temperature. It is interesting

to note that sintered density decreases between 1,066 and 1,093°C as the penetration of liquid copper causes

swelling of the compact.3,8,27–30

Gains in both TRS and HRA are shown at all density levels through increases in the sintering temperature.

Comparing the 1,066°C data, where alloying of the copper occurred in the solid state, with the liquid phase

sintered samples at 1,093°C, the TRS increased between 34 and 42 % and the apparent hardness between

9 and 11 points by sintering at the higher temperature. Further strength improvements above the 1,093°C data

are realized by sintering at the more commonly used temperature of 1,120°C, where an increase of 5 to 8 % in TRS

is shown. The overall improvement in TRS, from solid-state alloying of copper at 1,066°C to the use of the con-

ventional sintering temperature of 1,120°C with the presence of the liquid phase, was nearly 50 %.

The hardness improvement of >10 points observed by increasing the sintering temperature from 1,066°C to

1,093°C is maintained with the 1,120°C sinter. Apparently, once the copper melts and alloys with the iron, the

porosity level (part density) is sufficient to provide a relatively consistent apparent hardness. Alloying additives

diffuse more uniformly at higher sintering temperatures and the quality of sinter improves, but evidently, this has

a minimal effect on sintered apparent hardness.

To further illustrate the benefits of copper strengthening in ferrite/pearlite PM steels, data from MPIF

Standard 35-SP, Material Standards for PM Structural Parts,1 are shown in Table 2, where an alloy without

TABLE 1
Sintered property data

Compact

Green

Density, g/cm3

Sintered

Density,

g/cm3

Percent of

Pore-Free

Density

Sintering

Temperature,

°C [°F]

TRS,

MPa,

[Thousands of psi]

Percent Increase

over 1,066°C

Sinter

Apparent

Hardness

(HRA)

6.5 6.43 82 1,066 [1,950] 435.7 [63.2] 23

6.32 81 1,093 [2,000] 612.9 [88.9] 40.7 34

6.37 81 1,120 [2,050] 661.2 [95.9] 51.8 37

6.8 6.74 86 1,066 [1,950] 595.0 [86.3] 30

6.62 84 1,093 [2,000] 797.0 [115.6] 34.0 41

6.67 85 1,120 [2,050] 836.3 [121.3] 40.6 43

7.1 7.04 90 1,066 [1,950] 707.4 [102.6] 37

6.93 88 1,093 [2,000] 1,004.6 [145.7] 42.0 46

6.98 89 1,120 [2,050] 1,070.1 [155.2] 51.3 47
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added copper, F-0005, and one with added copper, FC-0205, are compared. When processed to the same density

and sintered under commercial manufacturing conditions (above the melting temperature of copper), the TRS of

the copper-containing FC-0205 was approximately 40 % higher and the hardness increased 11 points (Hardness

Rockwell B [HRB]) in comparison. Again, this demonstrates the strengthening and hardening benefits of copper

diffusion into the ferrite. It should be remembered if the data in Tables 1 and 2 are compared, the conditions

under which the sample sets were sintered were substantially different, however the percentage increases in the

properties remain virtually identical.

MICROSTRUCTURE ANALYSIS

Figures 1–8 provide evidence of the microstructure evolution in FC-0205 compacts during sintering. Figures 2–8

were taken of bars from both the density-sintering temperature and the sintering time studies to illustrate the

sequence of diffusion and alloying of the additives, with the intent of visually describing the sequence of alloying

during the sintering process.

Figure 1 shows the microstructure of a “green” bar cross section. This condition was the starting, as-com-

pacted microstructure for both investigations. The irregularly shaped dark lines are the boundaries between the

individual particles, both iron and copper. The added elemental copper particles are distributed randomly

throughout the sample volume and colored orange. The copper particles are the reservoirs for copper alloying,

serving as the origins for distribution of the additive through the sample volume. Fine graphite and lubricant

particles are located in the black pores and possibly between some of the iron particles. The sample has been

etched to show the iron particles are ferritic and carbon-free.

The image shown in figure 2 was taken in the core of a sintering time study sample in the hot zone for five

min. This time was sufficient to diffuse a portion of the graphite, illustrated by the presence of lamellar pearlite.

The lubricant has also been removed at the temperature needed for carbon diffusion. However, the sample at this

location did not reach the melting temperature of the copper, as evidenced by the still-present copper particle

cross sections. Any alloying from the copper at this temperature is accomplished in the solid state.

Extended times at temperatures below the melting point of copper result in significant solid-state diffusion,

as illustrated in figure 3. This sample was from the density-sintering temperature study and sintered at the lowest

TABLE 2
Typical material property data comparing mixes without and with copper

Mix Designation Approximate Density, g/cm3 Copper, wt.% Carbon, wt.% TRS, MPa, [Thousands of psi] Apparent Hardness (HRB)

F-0005 6.9 0 0.5 520 [76] 55

FC-0205 6.9 2.0 0.5 725 [105] 66

FIG. 1

Cross section from an

iron-copper-carbon bar

in the green state.

Etched with 2 vol.%

nital + 4 wt.% picral

(LOM).
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sintering temperature, 1,066°C. However, when compared with the sintering time experienced by the sample in

figure 2, the time at sintering temperature was much longer and diffusion of the copper has proceeded. The

unmelted copper particle is surrounded by the ferrite–pearlite microstructure and a brownish stain is seen in

specific ferritic regions. These stains are locations of copper diffusion revealed by the chemical reaction of

the etchant and the elevated copper content in the ferrite. The locations are at the iron-copper particle edges

and along the prior locations of the austenite grain boundaries.

Solid-state alloying, like what is shown in figure 3, results in localized diffusion of the added metallic alloying

elements. These are limited mostly to short distances from particle surfaces and grain boundaries, with little

penetration into grain interiors. Consequently, the local chemical composition varies greatly, comparing the

boundary locations with the grain interiors. Figure 4 is an SEI of another area in a 1,066°C sintered sample

and used to illustrate the variation in copper content. Seven locations were selected for chemical analysis using

EDS, with Table 3 providing the estimated concentrations of iron and copper at each numbered point. Points 1

and 2 are located in an unmelted copper particle, with the copper content exceeding 90 wt.% in both. It is in-

teresting to note that both locations contained a small amount of iron from iron diffusion into the copper particle.

This finding was repeated with analyses from other locations in unmelted copper particles. Points 3–5 are located

in light gray areas, which are areas similar to those appearing with brownish stains in the light optical

FIG. 2

Sample has reached a

temperature sufficient to

diffuse carbon but not

melt the copper

particles. Etched with

2 vol.% nital+ 4 wt.%

picral (LOM).

FIG. 3

An unmelted copper

particle surrounded by

the iron matrix. The

microstructure contains

ferrite and lamellar

pearlite. The brownish

stains in the ferrite are

the locations of solid-

state copper diffusion.

Etched with 2 vol.%

nital + 4 wt.% picral

(LOM).
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photomicrographs. In each of these areas, the copper content shows alloying ranging from 2.8 to almost 6 wt.%.

The relative sizes of these light gray areas are only several micrometers in width (please note the scale marker).

Points 6 and 7, located in the interiors of ferrite grains, are essentially copper-free with levels near the accuracy of

this test.

Further increases in sintering temperature result in copper melting. Figure 5, an image from the sintering

time study, shows the unetched microstructure after five min in the hot zone. The region containing the melted

FIG. 4

Region from a 1,066°C

sintered sample. EDS

chemical analysis was

performed at the seven

numbered locations in

the area. Etched with

2 vol.% nital+ 4 wt.%

picral (SEI).

TABLE 3
EDS analysis of locations from a 1,066°C sintered sample

Point # Iron, wt.% Copper, wt.%

1 3.8 96.2

2 6.7 93.3

3 94.1 5.9

4 97.2 2.8

5 96.2 3.8

6 99.8 0.2

7 99.9 0.1

FIG. 5

Location of a melted

copper particle showing

the flow of the liquid

copper into the

surrounding porous

structure. Sample is in

the unetched condition

(LOM).
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copper particle was located near the top surface of the bar cross section and, compared with the area in figure 2,

would have experienced a higher temperature sooner than the sample interior due to less insulation from the bar

loading in the sintering tray. After this sintering time, the melting point of copper was reached and the copper

became liquid and began flowing into the surrounding interconnected pore network. When this bar was pushed

into the cooling zone, the copper was still flowing into the surrounding pores and sintering was still progressing.

The start of a large pore is evident where the copper particle resided.

Another sample from the sintering time study is used to show the progress of copper diffusion after melting in

figure 6, although this sample had been in the hot zone for 10 min. It shows small regions of free copper in particle

and possibly grain boundaries. These can be the result of either liquid copper not alloying because of a short sintering

time or having diffused copper in the austenite and the excess precipitated into the grain boundary upon cooling and

transformation to ferrite.38–40 The amount of copper soluble in the austenite can be >9 wt.% and during cooling, this

solubility decreases to slightly >2 wt.% as the austenite transforms to ferrite (this is cooling rate dependent). The

excess copper, either undiffused or from precipitation in these highly concentrated grain/particle boundary areas, is

precipitated into the surrounding locations as seen in figure 6. The brown copper staining caused by etching may be

a result of unresolvable copper-rich precipitates in these high concentration areas. The ferritic areas in figure 6 are

both copper-containing and copper-free as evidenced by the combination of brown and light gray ferrite.

Figure 7A and 7B shows the etched appearance of a sample from the density-sintering temperature study

sintered at 1,120°C at two magnifications. The copper and carbon have diffused into the iron matrix with the

FIG. 6

Cross-sectional area

showing copper

precipitates in the grain

boundaries in a sample

sintered for 10 min.

Etched with 2 vol.%

nital + 4 wt.% picral

(LOM).

FIG. 7 Low (A) and higher (B) magnification images of the iron-copper-carbon compact sintered at 1,120°C for

>15 min at temperature. Etched with 2 vol.% nital + 4 wt.% picral (LOM).
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resulting microstructure of lamellar pearlite and ferrite, some having the brownish coloring of the copper-rich

ferrite, typical of industrial processing of this alloy. The largest pores in this image are the prior locations of the

copper particles. As the copper melts, redistributes, and diffuses into the surrounding areas, voids are created at

the locations of the copper particles. This is also illustrated in figure 8, two examples from the density-sintering

temperature study, where the image in figure 8A is after the 1,066°C sinter and shows the presence of copper

particles, while no copper particles are seen in figure 8B after the 1,120°C sinter.

FRACTURE SURFACE ANALYSIS

The fracture surfaces produced by breaking porous PMmaterials appear substantially different from those created

on parts made using other metalworking techniques. Although most of the characteristics of the fractured regions

are the same, e.g., dimples, cleavage, etc., the smooth, internal pore surfaces add complications to a PM fracto-

graphic analysis. Part density, the effectiveness of sintering, handling history of the part in the pre-sintered state,

and all thermal processing have large effects on the microstructure and, consequently, the appearance of the

broken surfaces. The fraction of pore edges, which appear as smooth free surfaces, varies with density, alloying,

and the effectiveness of sintering. An example of these pore surfaces is shown in figure 9, the surface of a “green”

FIG. 9

Surface of a green crack

in a sintered PM compact

(SEM/SEI).

FIG. 8 Cross sections from the 1,066°C (A) and 1,120°C (B) sintered samples showing the location of the copper particles

after the low temperature sinter and their absence after the 1,120°C sinter. Both samples are in the unetched

condition (LOM).
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crack with 100% exposed pore surface. Weaker or low-density regions contain large amounts of these free sur-

faces, and at higher densities or with more alloying, the opposite is usually true, with fewer exposed pore surfaces.

In most PM parts, most of the porosity exists as a complicated interconnected network and the microstructure can

be a variety of transformation products and phases with varying strengths and hardnesses.

Figure 10 is an epoxy skeleton of a pore network inside a PM part to show examples of the interconnected

nature of the porosity and the locations and sizes of the sintered necks. The skeleton was created by impregnating

the porosity in a sintered PM sample with a liquid epoxy, curing the epoxy, then dissolving the iron from the

composite using dilute acid solutions. The epoxy image shows the locations of the iron particles as vacated areas

within the pore structure and the gaps in the resin are the sites of particle-to-particle contact. It is clear from the

shape in the central region of the figure that a nearly spherical iron particle occupied this space and the holes in

the epoxy are contacts formed with neighboring iron particles. These contacts, necks, can be the weakest areas

in the cross section and the eventual location of fracture. However, increasing the part density or alloying within

these neck regions results in an enlargement of the neck area or a strengthening of the necks, or both, which

can transfer fracture to weaker locations in the structure.

An SEM analysis determining the area fraction (AA) of the features present on an SEM fracture surface image

was performed to provide information on the behavior of the material under stress.18,41 The SEM surface image is

a two-dimensional projection of a three-dimensional surface and therefore requires a slight change in the quan-

titative microscopy symbols used for the area measurement designation. The AA used for an area fraction mea-

surement on planar surfaces is changed to A 0
A, with the prime character indicating that the measurements were

made on a projected image.41

The procedure for performing the systematic manual point count is well documented and easily accom-

plished.42–44 Live or captured SEIs of individual fields are used as the subject images. An equally spaced x/y

grid is overlaid on randomly chosen images and counts are made at locations where the intersections of the

x/y line arrays coincide with the features of interest. The counts are accumulated on multiple fields and the sums

from each individual feature type are divided by the total number of grid points applied to the images. The result

is an estimate of the area fraction of the analyzed features over the total area. Figure 11 shows an example of an

area from a fractured PM specimen with an overlaid x/y grid.

Quantitative assessment was made of the amount of fracture on broken surfaces from the three sintering

temperature and the three density level combinations from the density-sintering temperature study. The surfaces

were analyzed using the x/y grid overlay for the amount of fracture present.23,41 Figure 12 shows the results of the

systematic point counts, with the amount of exposed pore surface (1 minus the projected area of fracture) plotted.

As expected, the lowest densities at each sintering temperature contained the most porosity, with the amount

FIG. 10

Epoxy skeleton of

porosity showing the

morphology of the pore

network.
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of porosity decreasing at a relatively constant rate with the increase in sintering temperature at each density

level.

It was observed that the relative vol.% porosity in the sample, i.e., what was exposed on a randomly chosen

planar cross section, and the projected area of porosity on the fracture surface were significantly different. Far less

porosity was seen on the planar section compared with the fracture surface. Where the amount of porosity at each

density level is estimated at 17, 13, and 10 vol.% for the three approximate density levels of 6.5, 6.8, and 7.1 g/cm3,

respectively (these are calculated using a pore-free density for the alloy of 7.85 g/cm3), figure 12 illustrates the

change in pore surface on the fracture surface projections through changes in sintering temperatures and sample

density.

This discrepancy between the vol.% porosity in the compact compared with the amount of pore surface on

the projection of the fracture is caused by the cracking process used to create the fracture surface. The fracture

surface does not create a random two-dimensional “plane” through a sintered part, which would approximate the

pore to metal proportions in the part volume. Rather, the fracture surface is produced by overstressing the part

and having locally weak areas fail. The areas showing fracture on the projected surface represent local weak

regions in the load-bearing cross section and not randomly selected sites in the microstructure.

FIG. 11

Fracture surface SEI with

x/y overlay. Grid

spacing= 14 μm.

FIG. 12

Area percent porosity

estimated on the

fracture surface

projections for the

samples at three density

levels sintered at three

temperatures.
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A comparison of the visual appearance of sample cross sections with corresponding fractures is presented in

figure 13. The selected images are from the density-sintering temperature study and show examples of the three

density levels sintered at 1,093°C. The images in the left column (fig. 13A, 13C, and 13E) represent the porosity

variation of the cross sections in the unetched condition. The samples are shown increasing in density from the

top images to the bottom, where figure 13A and 13B had a green density of 6.5 g/cm3, figure 13C and 13D were

FIG. 13 Unetched LOM photomicrographs and SEIs from the 1,093°C sintered samples. Volume percent porosity

estimates from the sample cross section are displayed in the left column (A, C, E), while pore surface estimates of

the fracture projection are in the right (B, D, F). Image rows represent the sample green densities, with (A)

and (B) at 6.5 g/cm3, (C) and (D) at 6.8 g/cm, and (E) and (F) at 7.1 g/cm3.

Materials Performance and Characterization

MURPHY AND LINDSLEY ON METALLOGRAPHY OF FE-CU-C PM STEEL 481



6.8 g/cm3, and figure 13E and 13F were 7.1 g/cm3. The increase in density is seen as a reduction in the small and

intermediate size pores. Textured regions in the right image column (fig. 13B, 13D, and 13F) are the fractured

areas, the areas counted during the systematic point count analyses. The increase in fracture area is apparent as

the density increases, but the amount and size of the individual areas are often relatively small. These correspond

to some of the neck regions in the sintered compact and are similar in size and shape to the particle contact areas

in figure 10, the porosity skeleton.

The characteristics of fracture on the broken surfaces showed considerable change as the density and sinter-

ing temperature were varied. All samples sintered at the lowest temperature exhibited only dimpling and failure

through pearlite colonies. As the sintering temperature was increased, coupled with an increase in density and

alloying of the liquid phase copper, a substantial amount of cleavage was observed. These changes can be seen in

figure 14, where images of two 7.1 g/cm3 bars are compared. The left image (fig. 14A) was sintered at 1,066°C

and is free of any cleavage. Figure 14B was pressed to the same density as figure 14A but sintered at 1,120°C.

The fractured regions in figure 14A are entirely at the sinter necks, while a large transparticle area is shown in

image figure 14B. The alloying of the copper at the sintering temperature above the melting point of the copper

has apparently strengthened the sinter neck regions and transferred the area of fracture to a weaker, but larger,

transparticle area.

Conclusions

The sintering of PM steels containing admixed copper powder is governed by the redistribution of the copper in

the compact. Below the melting point of copper, the redistribution is limited to solid-state diffusion, with only

localized alloying observed in regions immediately adjacent to copper particles. Sintering compacts at temper-

atures exceeding the melting point of copper caused the liquid copper to flow into the surrounding interconnected

pore network, creating new contacts with the iron-based pore surfaces and new locations for alloying by increas-

ing the amount of iron-copper interfacial area. These new contact regions, coupled with a proper sintering time,

can lead to substantial mechanical and physical property enhancements by strengthening ferrite in the

FIG. 14 Selected areas from the 1,066°C (A) and 1,120°C (B) fracture surfaces showing a change in the fracture

characteristics (SEM/SEI).
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microstructure. Most importantly, these newly alloyed locations include some of the weakest, most vulnerable in

the compact, the particle-to-particle contacts, aka necks. Sintering in the presence of the liquid phase can also

improve bonding of the neighboring particles and smooth the pore surfaces, consequently removing many of the

sharp stress risers.

As copper-containing bars were sintered, the copper diffused into the compact and alloyed with the iron

along both particle and austenite grain boundaries. The alloying is both improved and more widespread when the

sintering temperature created the liquid copper phase. The extended time at temperature also increased the

amount of diffusion and improved the copper distribution to include more boundary areas and more regions

approaching the grain interiors. These microstructural changes also resulted in property benefits, which were

further improved with increases in compacted part density.

After sintering above the melting temperature of copper, the improved alloying of the copper increased TRS

and ferrite hardness. Specifically, sintering at the conventional temperature of 1,120°C, which is above the melting

of the copper (1,083°C), provided an increase of nearly 50 % in the TRS and ≥10 points in HRA apparent hard-

ness over samples sintered below the copper melting temperature. In fact, sintering at 1,093°C, only 10 degrees

above the copper melting temperature, provided improvements of nearly 40 % in TRS and ≈10 points HRA

apparent hardness over sintering in only the solid state.

With this increase in properties, there was a corresponding change in the characteristics of the TRS fracture

surface. Without the presence of the liquid copper, details of fracture were limited to dimpling, fracture through

pearlite, and the appearance of smooth pore surfaces. This was the case with all sample densities used in this

study, 6.5 to 7.1 g/cm3. After sintering with the presence of the liquid phase, the amount of material fracture

increased, with a change in the details of the fractured regions. The character of the fractured regions changed

from being exclusively pore surfaces and fractured necks (dimpled and through pearlite) to containing cleavage

through transparticle areas, in addition to pore surfaces, pearlite colonies, and fractured necks. It is apparent the

improved strength of the ferrite relocated the crack path from normally weaker areas, often particle-to-particle

necks, to transparticle areas. This resulted in an increase in the amount of fracture on the projected fracture

surface, as estimated using SEM photomicrographs, by almost 10 area percent, indicating a movement of

the load-bearing cross section of the sintered compact.
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