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Abstract 
 
To reduce segregation, dusting, and overall inhomogeneity of PM mixes, the use of various bonding 
techniques has become increasingly common.  This work will investigate the effect of bonding method on 
low alloy PM grade steels.  Static mechanical properties were compared between binder treated premixes 
and premixes of the same composition made using a diffusion alloying method.  The benefits and 
drawbacks of each process are examined in detail. 

 

 
 
 
 
 
 
 
 
 
 



Introduction 
 
The powder metallurgy (PM) industry has seen a great deal of advancement in recent years, as 
improvements in technology have allowed PM to compete in both properties and cost with other 
processing techniques such as casting and forging.  PM is an especially attractive substitute to many 
wrought processing methods due to the elimination or reduction of secondary processing methods, such 
as machining [1].  The reduction of scrap and near net-shape processing available in PM makes it an 
attractive “green” technology. 
 
Because of the inherent segregation that can occur in PM mixes, the use of various bonding techniques 
has been common practice for many years.  Two of the most commonly used methods for bonding alloy 
additions to the base powder are through diffusion alloying and binder treatment.  Diffusion alloying is a 
processing step in which metallic additions such as Mo, Cu, and Ni are admixed with the base iron and 
annealed at a high enough temperature to allow diffusion of the alloying elements with the base iron to 
begin.  In contrast, binder treatment involves the addition of a specific bonding agent, which may or may 
not also act as a lubricant in the premix.  Often, these binders are polymer-based and can effectively 
“glue” all premix additions including elemental additions, graphite, and lubricant to the base iron [2-4].   
 
Diffusion alloying is effective because the metallic additions are partially diffused into the base iron, but 
not fully alloyed, as they would be in a prealloyed material.  Therefore, the diffusion alloy maintains a 
homogeneous distribution of alloying elements, without the loss of compressibility that occurs in a 
prealloyed material.  The main drawback of diffusion alloying is the additional step it takes to process this 
material.  In a normal premix, the base iron is atomized, dried, and annealed before all the additives are 
added at once and mixed.  In a diffusion alloy, there is an additional cost associated with adding the 
metallic additions after annealing, re-heating the powder to begin diffusion, before finally admixing the 
graphite, lubricant, and any other necessary additions. 
 
Bonding through addition of binders is used to prevent segregation of powder premixes by attaching 
smaller additives such as graphite, metallic alloying elements, and lubricant to the base iron [2-4].  While 
the addition of smaller additives is beneficial due to increased diffusion rates during sintering, it also 
contributes to segregation, a natural phenomenon that occurs in premixes containing particles of varying 
size [5].  Bonding helps to maintain a homogeneous premix composition, which prevents variation in 
structure and mechanical properties from part to part, or within a single pressed part.  Figure 1 shows 
scanning electron microscopy (SEM) images of the particles in a regular premix compared with a premix 
bonded using the ANCORBOND system patented by Hoeganaes Corporation. 
 



              
Figure 1:  SEM images of a regular premix (A) and an ANCORBOND premix (B). 

 
 
In addition to maintaining premix homogeneity, these various bonding techniques can be used to help 
tailor the properties of the powder premix depending on the desired press settings and part application.  
Various types of binders and bonding procedures are available to improve powder flowability, apparent 
density, green density, green strength, and dimensional tolerance [4, 6].  Bonded powder premixes are 
also far less prone to dusting than regular premixed alternatives, improving part consistency, reducing 
waste material, and resulting in cleaner working conditions.  More recently, European Union regulation 
REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) has required that PM 
producers assess the environmental and health effects of all materials manufactured or imported in Europe 
[7].  Additive particles that are prone to dusting, then, pose a potential threat to press operators as 
respirable dust, depending on the particle size.  Nickel, in particular, is of great concern in the PM 
industry due to its widespread use, small particle size, and potential health implications.  By using the 
bonding procedures described above, the respirable dust can be reduced to considerably safer levels, as 
shown in Figure 2 [7].  While diffusion alloying is not as effective as binder treatment in reducing all 
types of respirable dust, potentially dangerous respirable elements such as Ni can be prevented by both of 
these processing methods. 
 



 
Figure 2:  Respirable dust levels observed at various locations using a regular premix and an 

ANCORBOND premix. 
 
 
Several materials made by Hoeganaes Corporation via both diffusion alloying and binder treatment were 
examined and compared.  Previous work has shown that the tensile and fatigue properties of diffusion 
alloyed and binder treated Fe-0.5Mo-1.5Cu-1.75Ni premixes were essentially the same [1].  This study 
will measure TRS, tensile, and crush strength for this material composition as well as Fe-0.5Mo-1.5Cu-
4Ni and Fe-1.5Mo-2Cu materials.  A paper written by James et al. in 2000 also showed that there was 
little difference in static mechanical properties between diffusion alloys and binder treated materials for 
all three of these compositions [8].  This study will examine these results in more detail, while expanding 
on them through additional testing and through varying of chemical composition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Experimental Procedure 
 
Diffusion alloyed and binder treated premixes of identical composition were prepared for this study using 
commercially available Ancorsteel 1000B, Ancorsteel 50HP, and Ancorsteel 150HP base iron powders 
from Hoeganaes Corporation.  The premixes contained varying amounts of Inco 123 Ni powder (from 0 
to 4 mass%), while all premixes in this study contained an elemental copper addition between 1.5 and 2.0 
mass%, as well as 0.60 mass % Asbury type 3203H graphite, and 0.75 mass % acrawax lubricant.  The 
Fe-0.5Mo-1.5Cu-1.75Ni and Fe-0.5Mo-1.5Cu-4Ni diffusion alloyed premixes were made using a 
standard base iron, while the binder treated equivalents were made using a 0.5 mass% Mo prealloyed 
base.  The diffusion alloyed and binder treated Fe-1.5Mo-2Cu premixes were both made using a 1.5 
mass% Mo prealloyed base.  The nominal compositions and identifications for each premix are shown in 
Table 1.  In addition to the standard premixes to be studied, a “hybrid” variation of the standard diffusion 
alloyed Fe-0.5Mo-1.5Cu-1.75Ni material was made by diffusion alloying elemental Ni and Cu additions 
to a 0.5% Mo prealloyed base iron.  Other variations of the binder treated composition were experimented 
with by altering the nickel and copper additions to the premix. 
 

Table 1: Nominal compositions and identifications of premixes studied (mass %). 

Material Designation 
(Hoeganaes Designation) 

Standard 
Base Iron 

Mo Prealloy 
Base Iron 

Bonded 
Mo Addition

 

Bonded 
Ni Addition 

Bonded  
Cu Addition 

Diffusion alloyed 
Fe-0.5Mo-1.5Cu-1.75Ni 
(Ancorsteel FD-4600A) 

Balance --- 0.5 1.75 1.50 

Diffusion alloyed 
Fe-0.5Mo-1.5Cu-1.75Ni 

(Hybrid Sample) 
--- 

Balance 
(0.5% Mo) 

--- 1.75 1.50 

Binder treated 
Fe-0.5Mo-1.5Cu-1.75Ni 

(Ancorloy 2) 
--- 

Balance 
(0.5% Mo) 

--- 1.75 1.50 

Diffusion alloyed 
Fe-0.5Mo-1.5Cu-4Ni 

(Ancorsteel FD-4800A) 
Balance --- 0.5 4.00 1.50 

Binder treated 
Fe-0.5Mo-1.5Cu-4Ni 

(Ancorloy 4) 
--- 

Balance 
(0.5% Mo) 

--- 4.00 1.50 

Diffusion alloyed 
Fe-1.5Mo-2Cu 

(Ancorsteel FLD-49DH) 
--- 

Balance 
(1.5% Mo) 

--- --- 2.00 

Binder treated 
Fe-1.5Mo-2Cu 

(Ancorloy DH-1) 
--- 

Balance 
(1.5% Mo) 

--- --- 2.00 



All laboratory procedures were carried out in accordance with the appropriate MPIF standards [9].  
Mechanical properties were measured using transverse rupture (TR), dogbone tensile, and ring-shaped 
toroid samples compacted to green density levels of 6.80 and 7.00 g/cm3 using a room temperature die.  
These samples were sintered at 1120 °C (2050 °F) for 25 minutes in a mixed atmosphere of 90 volume % 
nitrogen and 10 volume % hydrogen.  Prior to mechanical testing, green and sintered density, apparent 
hardness, and dimensional change were determined on the TR samples using MPIF Standards 42, 43, and 
44, respectively.  The mechanical properties were evaluated on sets of five bars for each premix and 
density combination.  TR strength was determined using MPIF Standard 41, tensile properties were found 
in accordance with MPIF Standard 10, and radial crush strength was measured using MPIF Standard 55.  
Sintered carbon values were also measured using a Leco 200 carbon-sulfur combustion gas analyzer with 
reference standards run before and after test samples. 
 
The heat treating operation performed on selected samples was completed externally.  Sample bars were 
austenitized at a temperature of 900° C (1650 °F) and quenched in a circulating oil bath heated to 65° C 
(150 °F).  The quenched samples were then tempered at 200° C  (400 °F) for one hour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Results 
 

Fe-0.5Mo-1.5Cu-1.75Ni Materials 
 
Figure 3 compares the mechanical properties (TRS, radial crush strength, and ultimate tensile strength) 
for “standard” diffusion alloyed and binder treated Fe-0.5Mo-1.5Cu-1.75Ni materials.  Though the 
chemical composition of the two samples is the same, the binder treated material was found to give a 
slight advantage in all three mechanical properties.  The diffusion alloyed material was found to have a 
slightly higher compressibility due to the lower overall organic content of the mix without the presence of 
the binder.  At any given density, though, mechanical properties were found to be approximately 10% 
lower.  This is thought to be a result of the increase in hardenability as a result of the Mo-prealloyed base 
iron used to make the binder treated materials. 
 

 
Figure 3:  Mechanical properties vs. sintered density for standard  

Fe-0.5Mo-1.5Cu-1.75Ni  materials. 
 
 
 
 
 
 
 
 



Figure 4 then shows the same comparison in mechanical properties when the diffusion alloyed material is 
made using the same prealloyed base iron used to make the binder treated premix.  The figure shows that 
using the prealloyed base iron with both bonding techniques results in identical mechanical properties at 
any given density.  The mechanical properties for all three premixes are summarized in Table 2, while 
Figure 5 shows the etched microstructure of each material in the as sintered condition.  As expected, the 
standard diffusion alloy was found to have the lowest hardenability with only 4.2% martensite formation, 
due to the standard base iron material used.  The two premixes made with the 0.5Mo-prealloyed base iron 
were found to have nearly identical hardenability, with 16.9 and 15.1% martensite, respectively.  This, in 
turn, leads to the similar mechanical performance observed between these two materials. 

 
 

 
Figure 4:  Mechanical properties vs. sintered density for Fe-0.5Mo-1.5Cu-1.75Ni premixes  

made with Mo-prealloyed base iron. 
 
 
 
 
 
 
 
 
 
 
 



Table 2: Sintered properties of the Fe-0.5Mo-1.5Cu-1.75Ni premixes pressed to  
6.8 and 7.0 g/cm3 green density. 

 

Sintered 
Density, 

g/cm3 

Dimensional 
Change, 

% 

TR 
Strength, 

MPa 
(psi x 103) 

UTS, 
MPa 

(psi x 103)

Crush 
Strength, 

MPa 
(psi x 103) 

Sintered 
Carbon, 

% 

Diffusion 
alloyed 

6.77 + 0.20 1001 (145) 456 (66) 808 (117) 
0.59 

6.95 + 0.27 1150 (167) 526 (76) 924 (134) 
Hybrid 
material 

6.77 + 0.20 1104 (160) 547 (79) 897 (130) 
0.58 

6.95 + 0.27 1311 (190) 613 (89) 1072 (155) 
Binder 
treated 

6.71 + 0.27 1031 (150) 532 (77) 813 (118) 
0.54 

6.92 + 0.31 1223 (177) 613 (89) 991 (144) 
 
 
 
 

                     
 

  
 

Figure 5:  Etched microstructure and percent martensite for standard diffusion alloy (top left), hybrid 
diffusion alloy with prealloy base (top right) and standard binder treated material (bottom). 

 
 



Fe-0.5Mo-1.5Cu-4Ni Materials 
 
Figure 6 shows the mechanical properties of Fe-0.5Mo-1.5Cu-4Ni materials observed vs. sintered density.  
These materials were made in the same manner as those discussed previously, but with approximately 
2.25 mass% additional nickel added.  It is not surprising that there was again little difference observed 
between the two material types, but in this instance, there was not the same 10% increase in mechanical 
properties as a result of using the binder treated material with the prealloyed base iron.  The mechanical 
properties of these materials are summarized in Table 3. 
 
 

 
Figure 6:  Mechanical properties vs. sintered density for standard  

Fe-0.5Mo-1.5Cu-4Ni materials. 
 
 

Table 3: Sintered properties of the Fe-0.5Mo-1.5Cu-4Ni premixes pressed to  
6.8 and 7.0 g/cm3 green density. 

 

Sintered 
Density, 

g/cm3 

Dimensional 
Change, 

% 

TR 
Strength, 

MPa 
(psi x 103) 

UTS, 
MPa 

(psi x 103)

Crush 
Strength, 

MPa 
(psi x 103) 

Sintered 
Carbon, 

% 

Diffusion 
alloyed 

6.78 - 0.01 1172 (170) 578 (84) 900 (131) 
0.55 

6.99 + 0.13 1378 (200) 668 (97) 1068 (155) 
Binder 
treated 

6.78 - 0.04 1194 (173) 578 (84) 848 (123) 
0.53 

6.97 + 0.05 1414 (205) 644 (93) 1018 (148) 
 



Ancorloy DH-1 vs. Ancorsteel FLD-49DH 
 
The mechanical properties for the Fe-1.5Mo-2Cu materials are shown graphically in Figure 7 and then are 
summarized in Table 4.  Because these materials were both made using the same 1.5 mass% Mo prealloy 
base material, it is not surprising that there was no difference observed in mechanical properties between 
these two materials.  As established with the previous samples, there did not appear to be any difference 
between the diffusion alloyed and binder treated materials in as sintered condition, regardless of 
composition studied. 
 
 

 
Figure 7:  Mechanical properties vs. sintered density for standard  

Fe-1.5Mo-2Cu materials. 
 
 

Table 4: Sintered properties of the Fe-1.5Mo-2Cu premixes pressed to  
6.8 and 7.0 g/cm3 green density. 

 

Sintered 
Density, 

g/cm3 

Dimensional 
Change, 

% 

TR 
Strength, 

MPa 
(psi x 103) 

UTS, 
MPa 

(psi x 103)

Crush 
Strength, 

MPa 
(psi x 103) 

Sintered 
Carbon, 

% 

Diffusion 
alloyed 

6.72 + 0.29 1051 (152) 531 (77) 781 (113) 
0.56 

6.92 + 0.34 1261 (183) 609 (88) 952 (138) 
Binder 
treated 

6.71 + 0.31 1088 (158) 546 (79) 862 (125) 
0.54 

6.90 + 0.35 1234 (179) 637 (92) 989 (143) 
 



Effect of Compositional Changes on Ancorloy 2 
 
In order to determine the effect of heat treatment, the binder treated version of the Fe-0.5Mo-1.5Cu-
1.75Ni material was tested in more detail.  In addition to the standard material, variations of this material 
were made without nickel and without copper to determine the effect of the various alloying elements in 
the as sintered and heat treated condition.  Figure 8 shows the as sintered mechanical properties of all 
three versions, while Figure 9 shows the quench and tempered properties of these same three materials.  
As shown in Figure 8, removal of either nickel or copper from the Fe-0.5Mo-1.5Cu-1.75Ni premix results 
in a strong reduction in mechanical properties.   
 
Meanwhile, in the heat treated condition, removal of these elements does not have nearly the same effect.  
Removal of the nickel from the premix leads to a small reduction in mechanical performance, as nickel is 
beneficial in heat treated materials due to the increase in toughness resulting from the nickel-rich areas in 
these materials.  These same premixes made without copper, though, were found to have as good or better 
mechanical performance than the copper-containing alternatives.  There has been evidence previously that 
copper could be detrimental in quench and tempered materials.  This study supports that theory for the Fe-
0.5Mo-1.5Cu-1.75Ni composition, but further work needs to be done to determine if this applies to all 
compositions of heat treated materials. 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 8:  Effect of Ni and Cu on as-sintered properties of binder treated Fe-0.5Mo-1.5Cu-1.75Ni. 

 
 

 
Figure 9:  Effect of Ni and Cu on heat treated properties of binder treated Fe-0.5Mo-1.5Cu-1.75Ni. 



Conclusions 
 
Binder treated and diffusion alloyed materials of three distinct chemical compositions were compared in 
order to determine any differences in mechanical properties.  The conclusions from this study are as 
follows: 

 For Fe-0.5Mo-1.5Cu-1.75Ni materials, the binder treated premix with the Mo prealloyed base 
was found to increase mechanical properties by approximately 10% over the diffusion alloyed 
alternative using a standard base iron.  When using a prealloyed base iron in the diffusion alloy as 
well, there is no difference in mechanical properties.  This difference in properties is correlated to 
the difference in hardenability between the two base materials. 

 For Fe-0.5Mo-1.5Cu-4Ni and Fe-1.5Mo-2Cu materials, no difference in mechanical properties 
was observed between the diffusion alloyed and binder treated variations in this study. 

 When heat treating the Fe-0.5Mo-1.5Cu-1.75Ni material, it was found that removal of the Cu 
from the premix may be beneficial to mechanical properties, while removal of the Ni was 
detrimental. 
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