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ABSTRACT 

As the PM industry continues to investigate new higher performance materials and processes, a re-examination of the copper infiltration process for high strength, as-sintered products is introduced using a new infiltrant form.  A wrought copper alloy wire product has been shown to offer an excellent infiltration response for the FX-1008 copper infiltrated steel grade.  A complete set of mechanical properties for several levels of infiltrant and skeletal densities are provided.  Very high infiltrated densities (greater than 7.7 g/cm3) were achieved for this 15% maximum copper grade.  Comparisons are drawn with conventional compacted powder infiltrants as well as the properties reported in MPIF Standard 35 for this alloy.  The advantages of using this wrought wire form for the copper infiltration process are also presented.        

INTRODUCTION

Copper infiltration of porous ferrous compacts, also known as the iron matrix or skeleton, has been popular in the North American market for over 60 years as a method to reduce the porosity and increase the strength of PM steel components.  In this process the porous ferrous compact is brought into intimate contact with a copper base alloy and the two components are sintered at a temperature whereby the copper alloy melts and infiltrates the porosity of the ferrous compact [Ref 1, 2, 3, 4].  The ferrous compact may be in the green or sintered condition.  If in the green condition this process is known as one-step infiltration or “sintration”.  While better dimensional control is typically associated with the two-step infiltration process (sinter the ferrous compact first and then infiltrate) the one-step process is most popular for its lower processing cost.  The copper infiltrant typically has been a specially formulated copper powder material compacted into the shape of a disc, wafer, slug or ring, suitably placed on the top or underneath the ferrous compact during sintering.  The assembly is placed on a sinter tray, typically a graphite plate, to support the assembly and prevent molten copper from possibly dripping on the sintering belt and causing damage.  

The molten copper is drawn into the interconnected pores of the ferrous matrix by capillary action.  The capillary pressure varies inversely with pore diameter and indirectly with the surface energy of the infiltrating liquid and the contact angle.  Therefore the infiltrating alloy should be designed to have good wettability and fluidity, low surface energy (limited solubility of the two materials or formation of an intermediate phase).  Since smaller pores have greater capillary force these are filled first and more completely than larger pores.  

When there is some mutual solubility of the matrix into the infiltrant, as in the case of iron and copper, the infiltrant composition is modified to limit the dissolution of the matrix by matching the equilibrium composition of the infiltrant to that of the matrix at the infiltrating temperature.  Most commercial powdered infiltrants contain several weight percent iron to minimize erosion during infiltration.  In addition it is generally desirable to limit the effects of the mutual solubility by keeping the infiltration time period short and the infiltration temperature sufficiently low.  Finally it is extremely important that the surface of the ferrous matrix be clean, oxide-free and soot-free to ensure proper wetting by the molten infiltrant.  

Ferrous PM components are copper infiltrated in order to improve physical or mechanical properties as noted below [Ref. 1].


Tensile strength, ductility and impact resistance


Improved machinability


Improved thermal conductivity


Provide pressure tightness for leak-free operation in hydraulic applications


Seal porosity for secondary operations such as plating 


Selective property improvement through localized infiltration 

Few material or process developments have been reported in the field of copper infiltration for nearly 20 years, since the flurry of patents by SCM in the period 1986-1990 [Ref. 5].  Yet in 2005 several new   products were introduced.  One powder manufacturer introduced several powder infiltrant compositions for use specifically with higher density PM steel performs [Ref. 6].  Another introduced a paste infiltrant for use in valve seat insert ring applications [Ref. 7].  One PM parts producer returned to pure copper in sheet form as a possible answer to certain infiltration problems [Ref. 8].       

Why a Wrought Form Copper infiltrant? 

Commercial copper infiltrating powders typically consist of >90% by weight copper, approximately 2-5% iron, and several proprietary additives, such as zinc and manganese.  In some cases the powder is completely or partially prealloyed while in others the additions can be elemental powders.  Many of the powder infiltrants form a non-adherent residue during infiltration as a means to hold the molten copper in place during infiltration, preventing the molten copper from running off the edge of the component.  Any excess infiltrant caused by process weight variation is retained in the residue.  A few powder infiltrants do not form a residue and therefore require closer control of the infiltration conditions, especially part and infiltrant weight as well as infiltrating temperature.  

The new wrought copper alloy wire infiltrant eliminates many of the process variations associated with powder copper infiltrants.  The product is fully prealloyed, thereby eliminating any possibility of the elemental powder additives segregating during powder transport, storage or die filling.  The infiltrant preforms are supplied cut to length or coiled for precise size and weight control for ease of placement with the ferrous matrix.  The rigid wrought infiltrant preforms allow for ease of handling, precise placement and 100% product usage.  Problems with the fragile, easily fractured or damaged powdered infiltrant are eliminated, cutting the scrap rate to zero.                     


In addition to the processing issues described above the new wrought copper infiltrant eliminates the need for a separate set of tools to press the infiltrant as well as the press to compact the infiltrant and the personnel to monitor and handle the fragile powdered infiltrant.  Storage and transport of these delicate compacted infiltrant performs is also removed from the processing route, replaced by a robust, rigid, easily handled wrought wire infiltrant.                            

OBJECTIVE

The goal of this investigation was to determine the physical and mechanical response of the new wrought wire form copper infiltrant as compared to commercial powdered infiltrants and the properties reported in MPIF Standard 35 for the FX-1008 copper infiltrated steel grade.  

EXPERIMENTAL PROCEDURE

Three investigations were conducted to characterize the wrought wire form copper infiltrant.  The initial study selected one iron powder noted for its excellent copper infiltration response which was compacted at two green densities and one level of wrought wire infiltrant.  The wrought wire infiltrant was provided by Ultra Infiltrant.  The iron matrix was compacted at 6.65 g/cm3 and 6.95 g/cm3 using QMP Atomet 28 iron powder blended with 0.9% Southwest 1651 graphite and 0.75% Acrawax C lubricant.  Five tensile, TRS and Charpy impact test specimens, conforming to MPIF Standards 10, 41 and 40, were prepared using the iron powder blend.  The wire infiltrant was placed on top of the green specimens and then processed using a one-step sinter-infiltration process in a commercial mesh belt sintering furnace at 1125°C (2060°F) with 90% nitrogen -10% hydrogen atmosphere.  

The second study changed the iron matrix to the QMP Atomet 1001 atomized steel powder with 0.8% Southwest 1651 graphite and 0.75% Acrawax C lubricant.  In this experiment the matrix green density was 6.7 g/cm3.  In addition to investigating the Ultra Infiltrant wire form infiltrant, this study included a commercial, residue-free powdered infiltrant.  This powdered infiltrant was compacted at 415 MPa (30 tsi).  The test specimens were limited to five TRS bars per MPIF Standard 41 for each experimental condition.  The infiltrant was again placed on the top of the test bars and sintered in the same commercial sintering furnace using the same sintering conditions as the first set of samples.  

The third study compared the Ultra Infiltrant wire form infiltrant to a second commercial powdered infiltrant.  This study returned to the QMP Atomet 28 base powder mix used in the first study.  The amount of wire infiltrant was extended to a lower and higher amount in order to determine the range of useful operation for the new infiltrant.  The iron matrix was compacted to a green density of 6.7 g/cm3 and 6.95 g/cm3 green density using five TRS, tensile and Charpy impact specimens which conformed to MPIF Standard 41, 10 and 40 for each test condition.  The commercial powdered infiltrant #2 (also a residue-free grade) was compacted at 415 MPa (30 tsi).  The infiltrant was placed on top of the iron matrix specimens and sintered in the same commercial sintering furnace using the same processing conditions as the first study.                            

Mechanical properties (tensile, TRS, hardness and impact energy) and final dimensions were measured for each test specimen in the infiltrated condition with no effort to clean or abrade the specimen surface.  Optical microscopy was used to characterize the microstructure of the wire infiltrated materials.  An SEM/EDS analysis characterized the two infiltrant materials – the wire infiltrant versus the powdered infiltrant #2.          

RESULTS

Study #1 – Initial Investigation

The results of the initial investigation listed in Table 1 reflect the F-0008 base iron matrix using QMP Atomet 28 iron powder and the wire infiltrant, which results in a composition that conforms to MPIF Standard 35 copper infiltrated steel grade FX-10008.   Standard values for the FX-1008 grade are included in Table 1 for comparison to the test results.  

Table 1 – FX-1008 Using Wire Infiltrant and QMP Atomet 28 Iron Matrix

	Green Density

g/cm3
	%

Infiltrant
	Infiltrated Density

g/cm3
	Tensile Strength

MPa

(psi)
	Yield Strength

MPa

(psi)
	Elongation

%
	TRS

MPA

(psi)
	Hardness


	Impact Energy

(J)

(ft-lbs)

	6.65
	14.5
	7.55
	790

(114,000)
	590

(86,000)
	2.7
	1480

(215,000)
	21 HRC
	15

(11)

	6.90
	13.5
	7.70
	880

(127,000)
	650

(94,000)
	3.0
	1510

(219,000)
	27 HRC
	16

(12)

	MPIF Std 35

FX-1008-50
	7.3
	600

(87,000)
	410

(60,000)
	3.0
	1140

(166,000)
	89 HRB
	14

(10)


The test results find the new infiltrant to be very effective in strengthening the iron matrix using both a medium and high density iron matrix.  The higher matrix density results demonstrate the benefit of using a higher density matrix for increased strength and hardness.  No improvement in ductility or impact resistance was noted at this higher density.  Both results far exceeded the strength values listed in MPIF Standard 35 for the FX-1008 grade with the lower density matrix results 30% higher than the values listed in Standard 35 and the higher density matrix 50% stronger.     

The microstructure of these two materials is shown in Figures 1-3.  Figure 1 illustrates the unetched structure of the medium density matrix with an infiltrated density of 7.55 g/cm3.  The upper left view is the top surface (infiltrant placement surface), the lower left view about one-third through the part thickness, the upper right view about two-thirds through the part thickness and the lower right view the bottom of the specimen (0.24 inch thick).  The material is well-infiltrated with only the very largest pores not filled with infiltrant.  Image analysis of these four areas measured 4.3%, 7.5% 8.8% and 6.9% porosity in these regions, demonstrating the uniformity of the infiltration process using the wire infiltrant. 
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Figure 1.  Photomicrographs illustrate the unetched structure of the 6.7 g/cm3 density iron matrix with an infiltrated density of 7.55 g/cm3.  The upper left view is the top surface (infiltrant placement surface), the lower left view about one-third through the part thickness, the upper right view about two-thirds through the part thickness and the lower right view the bottom of the specimen.  
Figure 2 illustrates the unetched structure of the high density matrix with an infiltrated density of 7.8 g/cm3.  The four views follow the same position through the thickness of the sample as described previously for Figure 1 – upper left is the top surface, lower right is one-third through the thickness, upper right is two-thirds through and the lower right view is the bottom of the sample.  The material is nearly fully infiltrated with only a few isolated pores unfilled.  Image analysis of these four areas measured 0.7%, 2.5%, 2.8% and 1.8% porosity in these four regions, demonstrating the effectiveness of the wire infiltrant for filling nearly all the open porosity of the high density iron matrix.   
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Figure 2. Photomicrographs illustrate the unetched structure of the 6.95 g/cm3 density iron matrix with an infiltrated density of 7.8 g/cm3.  The upper left view is the top surface (infiltrant placement surface), the lower left view about one-third through the part thickness, the upper right view about two-thirds through the part thickness and the lower right view the bottom of the specimen.  

Figure 3 illustrates the etched structure of the two materials – the two left hand views are the medium density matrix material while the two right hand views illustrate the high density matrix material.  Both materials show a 100% pearlite microstructure (top views 125X, bottom views 800X) with copper infiltrant uniformly dispersed in the matrix.                           
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Figure 3. Photomicrographs illustrate the etched structure of the two materials from Study #1 – the two left hand views show the 6.7 g/cm3 density iron matrix; the two right hand views show the 6.95 g/cm3 density iron matrix material.  The structure is 100% pearlite (top views 125X, bottom views 800X) with copper infiltrant uniformly dispersed in the matrix porosity.                           
Study #2 – Investigation of Water Atomized Steel Powder Matrix

The results of the second investigation listed in Table 2 reflect the F-0008 base iron matrix using QMP Atomet 1001steel powder infiltrated with the wire infiltrant and a commercial powdered infiltrant, which resulted in a composition that conforms to MPIF Standard 35 copper infiltrated steel grade FX-10008.   Standard values for the FX-1008 grade are included in Table 2 for comparison to the test results.  

Table 2 – FX-1008 Using Wire Infiltrant and QMP Atomet 1001 Steel Matrix

	Infiltrant
	Green Density

g/cm3
	% Infiltrant
	Infiltrated Density

g/cm3
	TRS

MPa

(psi)
	Hardness

HRB

	Wire
	6.7
	11.3
	7.33
	1530

(222,000)
	94

	Powdered #1
	6.7
	13.6
	7.38
	1450

(210,000)
	90

	MPIF Std 35 

FX-1008-50
	7.3
	1140

(166,000)
	89


The test results find the wire infiltrant just as effective in strengthening the steel matrix as the commercial powdered infiltrant, using 17% less infiltrant.  Both infiltrant results far exceeded the transverse rupture strength values listed in MPIF Standard 35 for the FX-1008 grade.  The infiltrated hardness values were comparable for the two infiltrants and the standard value.       

Study #3 – Extended Investigation of QMP Atomet 28 Iron Matrix 

The results of the third investigation listed in Table 3 reflect the F-0008 base iron matrix using QMP Atomet 28 iron powder, the wire infiltrant and a second commercial powdered infiltrant #2.  The final composition again conforms to MPIF Standard 35 copper infiltrated steel grade FX-10008.   Standard values for the FX-1008 grade are included in Table 3 for comparison to the test results.  

Table 3 – FX-1008 Using Wire Infiltrant, Powdered Infiltrant #2 and QMP Atomet 28 Iron Matrix

	Green Density

g/cm3
	%

Infiltrant
	Infiltrated Density

g/cm3
	Tensile Strength

MPa

(psi)
	Yield Strength

MPa

(psi)
	Elongation

%
	TRS

MPa

(psi)
	Hardness


	Impact Energy

(J)

(ft-lbs)

	6.7
	10.9
	7.45
	790

(114,000)
	630

(91,000)
	2.0
	1290

(187,000)
	92HRB
	20

(14)

	6.7
	14.0
	7.60
	830

(120,000)
	630

(91,000)
	1.3
	1340

(195,000)
	28 HRC
	15

(11)

	6.95
	10.8
	7.65
	850

(123,000)
	660

(96,000)
	1.3
	1430

(207,0000)
	28 HRC
	18

(13)

	6.95
	14.3
	7.80
	850

(123,000)
	680

(98,000)
	1.2
	1490

(216,000)
	32 HRC
	15

(11)

	
	
	
	
	
	
	
	
	

	6.7


	Powder

13.5
	7.45
	810

(117,000)
	620

(90,000)
	1.0
	1300

(189,000)
	25 HRC
	16

(12)

	
	
	
	
	
	
	
	
	

	MPIF Std 35

FX-1008-50
	7.3
	600

(87,000)
	410

(60,000)
	3.0
	1140

(166,000)
	89 HRB
	14

(10)


The test results find the new infiltrant to be very effective in strengthening the iron matrix using both a medium and high density iron matrix, and using a medium and high level of infiltrant within the FX-1008 composition range.  The medium density matrix using the 10.9% wire infiltrant provided mechanical properties equivalent to the powdered infiltrant #2 at 13.5% infiltrant and 30% stronger than the values listed in MPIF Standard 35.  Increasing the amount of wire infiltrant from 10.9% to 14.0% increased the infiltrated density to 7.6 g/cm3 but had limited effect on strength, ductility or impact resistance when using the 6.7 g/cm3 matrix density.  Increasing the matrix density from 6.7 g/cm3 to the high density matrix of 6.95 g/cm3 further increased the infiltrated density but again had no significant effect in raising strength or hardness or impact resistance.  

The combination of the 14.3% wire infiltrant with the 6.95 g/cm3 density matrix exceeded the maximum amount of copper infiltrant that could be absorbed in the pore structure of the matrix.  Small pools of molten copper were found solidified on the surface of the test bars.  The acceptable results from Study #1 at 13.5% wire infiltrant but excess infiltrant at the 14.3% level from Study #3 identifies 14% infiltrant as the maximum amount of wire infiltrant that can be accommodated in the 6.95 g/cm3 matrix when using the QMP Atomet 28 based F-0008 composition.          

The dimensional change from die size results from study #1 and study #3 using the QMP Atomet 28 iron matrix and the wire infiltration product are summarized in Table 4.   
Table 4 – FX-1008 Using Wire Infiltrant and QMP Atomet 28 Iron Matrix

	Matrix Green Density

g/cm3
	% Infiltrant
	Infiltrated Density

g/cm3
	Dimensional Change

%

	6.65-6.70
	10.9
	7.45
	+0.32

	
	14.0
	7.60
	+0.36

	
	14.5
	7.55
	+0.29

	
	
	
	

	6.90-6.95
	10.8
	7.65
	+0.40

	
	13.5
	7.70
	+0.42

	
	14.3
	7.80
	+0.48


The dimensional change from die size was quite consistent for a given matrix green density, even as the amount of wire infiltrant was increased 40%.  For the higher matrix density the dimensional growth increased very slightly as the amount of infiltrant was increased.  In general the higher the matrix green density the greater the dimensional growth during infiltration.       

Comparison of Wire Infiltrant and the Powdered Infiltrant #2

In order to understand the differences in the infiltration response when using the wrought wire versus the  powdered infiltrant the SEM/EDS analysis method was used to compare the alloy homogeneity of the wire infiltrant to the powdered material.  The four major alloying elements identified in each material were copper, iron, zinc and manganese.  The EDS spectra of these elements found a homogeneous and uniform distribution throughout the wire sample, as expected from a melted wrought material.  In contrast the powdered material was extremely non-homogeneous.  Figure 4 illustrates a typical random view of the powdered infiltrant.  The powder consisted of four or five different types of particles – (a) round, globular solidified particles, (b) larger, textured irregular particles, (c) small irregular particles, (d) flat, striated particles and (e) small flake-like particles.  By use of the EDS system the characteristic spectra of the three alloying elements were found to be isolated relative to specific particles in the powder and not homogeneous throughout the powder mass.   For instance, manganese was identified with the flat striated particle seen in the middle of Figure 4 (identified as particle #1) and iron was identified with an irregular particle identified at the extreme bottom of Figure 4.  The bulk of the particles were either pure copper or a copper-zinc alloy (prealloyed brass powder), identified as particle #2 or particle #3 in Figure 4.  Following this SEM/EDS analysis a small magnet was placed in a sample of powdered infiltrant #2.  Upon withdrawal of the magnet the tip was coated with fine grey particles aligned with the magnetic field of the magnet’s tip, indicating the presence of unalloyed iron powder particles in powdered infiltrant #2.                     
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Figure 4.  SEM photomicrograph of a typical portion of powdered infiltrant #2 showing the variety of powder particles (sizes and shapes) in the powdered infiltrant. 
DISCUSSION

The mechanical properties of the wire infiltrated FX-1008 material were somewhat dependent on the density of the iron matrix but were adequately developed at an infiltrant level as low as 10.9%.  Additional infiltrant, in excess of 13.5% was not necessary to develop the maximum mechanical properties, e.g. tensile strength or impact resistance.   The additional infiltrant was only needed to provide a near fully dense microstructure, as required for pressure tightness.  An infiltrated density in excess of 7.7 g/cm3 was achieved using the higher density iron matrix (6.95 g/cm3) and 13.5% infiltrant and an infiltrated 7.6 g/cm3 density when using the medium density (6.7 g/cm3) matrix.  In contrast, the powdered infiltrant only reached a density of 7.45 g/cm3 when using the 6.7 g/cm3 matrix density.        
The dimensional change data finds the wire infiltrant extremely consistent, even when the amount of infiltrant varies by several weight percent.  The dimensional consistency varied only slightly (+0.10% more growth) when the matrix density increased from 6.7 to 6.95 g/cm3.  

A significant variable in this study was the effect of the matrix iron/steel powder.  The Atomet 28 powder was a much more effective and easily infiltrated ferrous powder than the more widely used water atomized steel powder.  While the strength achieved using the two matrix powders was identical the final density was much higher using the Atomet 28 powder.  For applications requiring pressure tightness a lower amount of infiltrant is necessary when using the wire infiltrant and the Atomet 28 matrix combination.         

When comparing the wire infiltrant to the conventional powdered infiltrant the amount of infiltrant needed to reach a given strength level is 15-18% less than when the wire infiltrant product is selected.  As noted in Table 3, the wire infiltrant at 10.9% infiltrant reached 790 MPa tensile strength and 20 J impact energy while the powdered infiltrant required 13.5% infiltrant to reach a similar strength (810 MPa tensile strength) and only 15 J impact energy.  The difference in mechanical response and infiltration efficiency between the two infiltrants may be related to the homogeneity of the wire infiltrant versus the powdered material as well as the non-productive portion of the powdered infiltrant (the admixed lubricant and the residue formed during infiltration).         
Differences in the infiltration response between the wire infiltrant and the conventional powdered infiltrant may be related to the homogeneous nature of the wire versus the mixed powders used to formulate the powdered infiltrant.  During the melting of the copper portion of the powdered infiltrant at the infiltrating temperature the admixed manganese and iron can easily segregate and remain on the surface of compact, forming the basis of the residue.  With little of the iron powder dissolved in the molten copper there is increased likelihood for erosion.  

CONCLUSIONS

1.  The wire infiltrant provides a more effective infiltration response than the conventional powdered infiltrant, providing equivalent mechanical properties when using 15-19% less infiltrant.  

2.  The wire infiltrant provides a higher infiltrated density for the same amount of infiltrant (no loss due to residue or lubricant).  

3.  The wire infiltrant can achieve a 7.8 g/cm3 infiltrated density with 14% infiltrant using a 6.95 g/cm3 dense skeleton.           

4.  The dimensional change response of the wire infiltrant was very consistent within the range of infiltration parameters for this study (amount of infiltrant and density of the matrix).  

5.  The homogenous, prealloyed nature of the wrought wire infiltrant provides a more consistent and effective infiltration response as compared to the mixture of powders found in the conventional powdered infiltrant.        
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