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by increasing the grain boundary diVusion rate.1 0 – 1 3 How-
ever, owing to the formation of large pores near the originalPowder injection moulding (PIM) is a relatively new
sites of the nickel particles, these bene� ts diminish whenprocess and only a few alloy standards have been
the amount of nickel exceeds 2 wt-%.1 0 ,1 1 Nickel also formsrecognised. To further promote the application of this
nickel rich martensite after heat treatment, which can retardtechnology, new alloys with competitive mechanical
the crack propagation when fatigue occurs.1 4

properties need to be developed. Fe–1·75Ni–0·5Mo–
Copper is a c phase stabiliser, like nickel, and is also an1·5Cu–xC is one of the compositions widely used

alloying element eVective in increasing the hardenability ofin the conventional powder metallurgy industry in
iron. Its main strengthening mechanism is solid solutionmaking press and sinter parts. To bene� t from the
hardening.1 5 ,1 6 After quenching and aging, the mechan-excellent mechanical properties and the accumulated
ical properties can be further improved by precipitationknowledge of this alloy system, the same composition
hardening.1 7 – 1 9

was employed in this study to make powder injection
Molybdenum is also another good hardenability pro-moulded compacts with the expectationthat even better

moter.8 , 2 0 – 2 2 When prealloyed into iron powders, it doesmechanical properties would be attained. The results
not impair the compressibility and thus can be used in theobtained on the compacts sintered at 1200°C for 1 h
prealloyed form in making press and sinter parts. It alsoshowed a tensile strength, hardness, and elongation of
has a high diVusion rate into iron, which helps improve685 MPa, 91 HRB, and 7·5% respectively. With heat
the uniformity of the microstructure and the mechanicaltreatment, the tensile strength and hardness increased
properties.to 1530MPa and 52 HRC, respectively. However,

Although FD-0205 is a well accepted alloy in the con-the elongation decreased to less than 1·0%. These
ventional PM industry, and a large database on processingproperties are better than those of the press and sinter
parameters and mechanical properties is available,7 littlecounterparts owing to higher sintered density, � ner
information has been reported on PIM parts made fromgrain size, and more homogeneous microstructure.
such an alloy system. It is reasonable to expect that thePM/0976
properties of PIM parts will be further improved owing
to the � neness of the iron powders used, a characteristicThe authors (kshwang@ccms.ntu.edu.tw) are at the
that usually helps the compact to achieve higher sinteredInstituteof MaterialsScience and Engineering, National
density and better alloying. The objective of this study wasTaiwan University, No. 1, Roosevelt Rd., Sec. 4, Taipei
thus to compare the mechanical properties of Fe–1·75Ni–106, Taiwan. Manuscript received 21 August 2001;
1·5Cu–0·5Mo–xC specimens made by the press and sinteraccepted 23 January 2002.
technique and by the PIM process.

© 2002 IoM Communications Ltd.

EXPERIMENTAL PROCEDURE
A carbonyl iron powder with an average particle size of

INTRODUCTION 4·6 mm (Fisher subsieve size) was selected as the base powder
in this study. The carbon and oxygen content were 0·79Powder injection moulding (PIM) is an eVective manu-

facturing process in making complex shaped parts with and 0·81 wt-%, respectively. Since the oxygen will react
with the intrinsic carbon, in addition to the reaction withlittle or no secondary machining. The sintered density is

usually greater than 95%, a level that cannot be attained the organic binder, such as polyethylene used in this study,
decarburisation will occur during the process. However,with the conventional press and sinter technique unless

liquid phase sintering occurs. The PIM process, however, there was still a considerable amount of carbon left in the
iron powder to contribute to the strength of sintered com-has its limitations owing to its relatively new position in

the manufacturing industry. One such limitation is that, pacts. The characteristics of this powder are given in Table 1.
Nickel, copper, and molybdenum elemental powders wereunlike in the matured wrought processes, such as investment

casting, only a few standard alloys are used in the industry.1 added at 1·75, 1·5, and 0·50 wt-%, respectively. Table 2 and
Fig. 1 show the characteristics and the morphology of theseTo further advance the application of PIM structural parts,

new alloys with improved mechanical properties must be alloying powders.
For feedstock preparation, elemental powders of Fe,developed. This need has been addressed by several recent

studies.2 – 5 Ni, Mo, and Cu were properly weighed and mixed in a
V shaped mixer. The mixed powder was kneaded with aOver the long history of the powder metallurgy (PM)

process, a large number of alloy systems have been developed multicomponent binder consisting of polyethylene, stearic
acid, and paraYn wax. The kneaded feedstock was thenfor press and sinter parts. One of them is Fe–1·75Ni–0·5Mo–

1·5Cu–xC, which is designated as FD-0205 by the Metal injection moulded into 85·5 mm long tensile test specimens
(MPIF Standard 50) using barrel, nozzle, and mould tem-Powder Industries Federation.6 – 9 The main alloying element

is nickel, which is added to improve the hardenability. It peratures of 135, 140, and 40°C, respectively. To remove
the binder, moulded specimens were immersed in a 40°Calso enhances sintering by impeding the grain growth and
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a b

c d

a iron; b nickel; c copper; d molybdenum

1 Morphology of metal powders used in present study

heptane bath for 4 h to extract 90% of the soluble binders. dilatometer run. The dilatometer tests were carried out using
the same heating rate, holding temperature, and atmosphereThe remaining binder was removed during the subsequent

thermal debinding step by heating the specimen at a rate as those employed for the sintering runs.
To analyse the homogeneity of alloying elements, anof 10 K min – 1 to 800°C. The debinding atmosphere used

was N2 –xH2 with x values being 0, 30, 40, 50, 60, 70, and electron probe microanalyser (JXA-8600SX, Jeol Co., Tokyo,
Japan) was used to measure the composition distribution100%. Sintering was carried out under 95N2 –5H2 for 1 h at

1100, 1200, and 1250°C. The heating rate employed was also in the matrix. The carbon content was measured with a
carbon analyser (CS-244, LECO Co., St. Joseph, MI, USA).10 K min – 1 . For heat treatment, specimens were austenised

at 850°C for 30 min in argon, oil quenched, and then tempered The tensile test was performed using a strain rate of
1·0 Ö 10 – 3 s.at 175°C for 60 min.

To understand the eVect of alloying elements on the sinter-
ing behaviour of iron, the microstructures of sintered com- RESULTS
pacts were analysed. A thermal dilatometer (Dilatronic II, EVect of atmosphere on carbon content
Theta, Port Washington, NY, USA) was also employed to

The carbon content of the specimens prepared in thiscompare the sintering curve of this alloy with that of the
study was aimed at 0·4%. It was noticed that the use ofpure iron. These specimens were solvent debound � rst and
atmospheres with diVerent amounts of hydrogen resultedthen heated to 700°C for thermal debinding, prior to the
in diVerent carbon contents and sintered densities. Figure 2
illustrates that the carbon content in the debound compact
increased � rst, reaching a maximum, and then decreasedTable 1 Characteristics of carbonyl iron powder used in

present study

Designation Carbonyl iron powder (CIP-S-1641)
Supplier ISP Corp, Wayne, NJ, USA
Average particle size 4·6 mm

(Fisher)
Surface area (BET) 0·77 m2 g – 1

Pycnometer density 7·542g cm – 3

Angle of repose 50°
Tap density 4·16 g cm – 3

Chemistry, wt-% C 0·79
O 0·81
N 0·72

Table 2 Characteristics of Ni, Mo, and Cu powders used
in present study

Particle size Angle of
Designation Supplier (FSSS), mm repose, deg

Ni Ni–4SP Inco 6·4 50
2 Carbon content in debound compact increases and then

Mo OMP–860 H. C. Starck 2·3 54
decreases as hydrogen content in debinding atmosphereCu 635 ACu Powder 8·7 34
increases
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as the amount of hydrogen in the debinding atmosphere
increased. The maximum carbon content was attained by
using 40–60% hydrogen. Similar � ndings and the reasons
for this have been reported in previous literature.2 3 , 2 4 When
these debound compacts were sintered in 95N2 –5H2 , the
carbon content further decreased. Table 3 shows that as the
carbon content increases, the sintered density is improved.
Since the targeted 0·4% carbon was obtained by debinding
� rst under the 60N2 –40H2 atmosphere and followed by
sintering under 95N2 –5H2 , the specimens needed for the
measurement of mechanical properties were all produced
using these parameters.

Microstructure
Figure 3 shows the microstructure of compacts sintered for
1 h in 95N2 –5H2 at 1100, 1200, and 1250°C, respectively.
As the sintering temperature increased, the grain size increased
slightly. Figure 3b shows that the compact consisted of ferrite,
bainite, and martensite. The ferrite appears as the white
areas with clear grain boundaries. The grey areas contain
bainite. Some martensite appeared in the lightly etched areas
which are enriched with nickel. The microhardness measured
at the locations of ferrite, bainite, and martensite were, in
sequential order, 158HV, 250 HV, and 332 HV.

The electron probe microanalysis carried out on the
sintered compact, as illustrated in Fig. 4, shows that the
martensite areas with characteristic lath structures were
enriched with Ni. In contrast, Mo and Cu were more uni-
formly distributed. As the sintering temperature increased,
the degree of homogenisation of Ni, Cu, and Mo improved,
as was indicated by the line scan.

After being austenised at 850°C for 30 min, oil quenched,
and then tempered at 175°C for 1 h, the microstructure, as
shown in Fig. 5, became more uniform. It consisted mainly
of martensite and a small amount of bainite. No retained
austenite was present, as was con� rmed by the X-ray
diVraction patterns.

Dilatometer analysis
Figure 6a illustrates the dilatometric curves of Fe–1·75Ni–
1·5Cu–0·5Mo compacts under pure hydrogen and 95N2–5H2 ,
respectively. The derivatives of the two curves are shown
in Fig. 6b. Both specimens show a little dip in shrinkage
rate around 740°C. This indicated that a small portion of
the compact transformed into c phase at 740°C, probably
owing to the presence of c phase stabilisers, particularly
the intrinsic carbon.

When pure hydrogen was employed, the compact showed
another drop in shrinkage rate at 910°C. This is most likely
caused by the phase transformation of the decarburised
iron. After the phase transformation, the shrinkage rate
slowed down signi� cantly because of the slow diVusion
rate in the c phase and the exaggerated grain growth which
occurred during the a c phase transformation.2 5 In con-

a

b

c

trast, when specimens were heated under 95N2 –5H2 , they a 1100°C; b 1200°C; c 1250°C
exhibited little change in the shrinkage rate through 910°C, 3 Microstructures of injection moulded Fe–1·75Ni–1·5Cu–
as shown in Fig. 6b. This suggested that some carbon was 0·5Mo–0·4C compacts sintered at various temperatures
retained in the iron owing to the incomplete decarburisation.
With more carbon in the iron, the phase transformation

occurred at lower temperatures. Moreover, as a result of
the incomplete decarburisation, the carbon distribution is

Table 3 Carbon content and its eVect on sintered density not uniform from the surface to the core of the powders.
of compacts that were debound under 100%H2 , Thus, the phase transformation occurred in a temperature
N2–70%H2 , and N2–40%H2 range, not at a � xed temperature. Thus, no exaggerated

grain growth occurred during the a c phase transformation
Carbon content, Sintered density, and the sintering rate did not decrease through 910°C.

Debinding atmosphere wt-% g cm – 3
To further con� rm the eVect of carbon, a Fe–1·75Ni–

1·5Cu–0·5Mo and a straight carbonyl iron specimen were
100%H2 0·003 7·03

decarburised during debinding using pure hydrogen prior
N2 –70%H2 0·3 7·41

to the dilatometer run. The carbon content of bothN2 –40%H2 0·4 7·43
compacts decreased to 0·003 wt-% after debinding. Both
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a

b

a 1100°C; b 1250°C

4 Line scan showing that Ni is not as homogenised as Mo
and Cu, and that homogenisation improves as sintering
temperature increases

shrinkage curves in Fig. 7 show that the de� ection occurs 6 a dilatometer curves of Fe–1·75Ni–1·5Cu–0·5Mo–xC
at 910°C, and the de� ections of these two curves are more compacts sintered in pure hydrogen and in 95N2–5H2 ;
pronounced than those shown in Fig. 6. Since nickel, b derivatives of two dilatometer curves
copper, and molybdenum contents were the same as that
in the carbon containing material analysed in Fig. 6, this
result indicated that carbon content is the deciding factor the density and elongation increased as the sintering tem-
in in� uencing the phase transformation temperature. perature increased. However, the maximum hardness of

91 HRB and the maximum tensile strength of 685 MPa
were obtained not at 1250°C, but at 1200°C. The lowerMechanical properties
hardness and strength at 1250°C were mainly caused byFigures 8, 9, 10, and 11 show, respectively, the density,
the grain coarsening eVect, similar to the � ndings reportedelongation, hardness, and tensile strength of as sintered
by Zhang et al. on Fe–Ni alloys.2 6

and heat treated specimens. In the as sintered condition,

7 Dilatometer curves of decarburised carbonyl iron and5 Microstructure of injection moulded Fe–1·75Ni–1·5Cu–
0·5Mo–0·4C compact, sintered at 1200°C and then heat Fe–1·75Ni–1·5Cu–0·5Mo specimens when heated in

95N2–5H2treated
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11 Tensile strengths of compacts sintered at 1100, 1200,8 Densities of compacts sintered at 1100, 1200, and 1250°C
and 1250°C

the elongation of all specimens decreased to less than 1%.
This could, however, be improved by adjusting the tem-
pering temperature. Figure 12 shows that when specimens
were tempered at 275 and 375°C, the elongation increased
to 2·0 and 2·4%, respectively, while the strengths decreased
to about 1200MPa.

DISCUSSION
Table 4 compares the mechanicalpropertiesof the Fe–1·75Ni–
1·5Cu–0·5Mo–xC specimens made from the PIM and the
conventional press and sinter processes. In the as sintered
condition, the most signi� cant diVerence between the com-
pacts with similar density levels is that the elongation of
the PM specimen is lower than its PIM counterpart. This
is probably because of its coarser grain size, larger pore
size, and the less homogeneous microstructure, as shown
in Fig. 13a. However, irrespective of the inhomogeneous
microstructure, which is caused by the longer diVusion

9 Elongation of compacts sintered at 1100, 1200, and distance resulting from the coarser powder used, the tensile
1250°C strength and hardness values of press and sinter parts are

similar to those of the PIM specimens. The reason could
be that, in press and sinter parts, high alloy contents were

After heat treatment, the tensile strength increased to
present at pore surfaces and at neck areas. As an example,

1750 and 1530MPa on compacts sintered at 1250 and the nickel mapping in Fig. 14 demonstrates that the nickel
1200°C, respectively. This indicated that the grain coarsen-

content is higher near the pore areas than in the bulk.
ing eVect, which deteriorates the strength and hardness Since these regions, which are highly stressed, are now heavily
of compacts sintered at 1250°C, diminished owing to the

alloyed, the apparent strength and hardness are thus
phase which changes occurred during heat treatment. Since improved and are comparable to those of the PIM parts.
there was no grain coarsening eVect and the alloy homo-

After heat treatment, the strength of the PIM specimens
genisation improved as the sintering temperature increased, sintered at 1200°C increased from 685 to 1530MPa, while
the tensile strength of heat treated parts were enhanced by
high temperature sintering. The only drawback was that

12 As tempering temperature increases, elongation of
10 Hardness of compacts sintered at 1100, 1200, and quenched Fe–1·75Ni–1·5Cu–0·5Mo–0·4C compact

increases, but with decrease in tensile strength1250°C
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a

b

a

b

a microstructure; b Ni mappinga as sintered; b heat treated

13 Microstructure of pressed Fe–1·75Ni–1·5Cu–0·5Mo– 14 Nickel mapping shows that nickel content is higher near
pore than in bulk0·4C compact sintered at 1120°C

the press and sinter specimens (FD-0205) only attained This is because the alloying elements are more homogenised
in the PIM compact owing to the � ner powders and higher1170 to 1200MPa, as shown in Table 4. This diVerence

is mainly caused by the diVerence in the microstructure. In sintering temperatures used.
The high mechanical properties of the alloyed PIM com-addition to the larger pore size, which deteriorates the

mechanical properties, the conventional press and sinter pact could obviously be attributed to the addition of Ni,
Cu, and Mo. Among them, nickel is the least homogenisedcompact consisted of martensite and some pearlite+bainite

as a result of inhomogeneous alloying, as shown in Fig. 13b. element, as shown in Fig. 3. Table 5 shows that, at 900°C,
Mo has the fastest diVusion rate, followed by Ni and Cu.2 7In contrast, the microstructure of the heat treated PIM

compact consists mainly of martensite, as shown in Fig. 5. Although copper has a slower diVusion rate into iron than

Table 4 Comparison of mechanical properties of Fe–1·75Ni–1·5Cu–0·5Mo–xC compacts made from press and sinter and
PIM processes

Tensile
Density, strength, Elongation,

Process Additives, wt-% Source g cm – 3 MPa % Hardness

As sintered* PIM 1·75Ni–0·5Mo–1·5Cu–0·4C This work 7·36 685 7·5 91 HRB
PM (1·55–1·95)Ni–(0·4–0·6)Mo–(1·3–1·7)Cu–(0·3–0·6)C Ref. 6 7·40 690 2·0 86 HRB

1·75Ni–0·5Mo–1·5Cu–0·4C Ref. 7 7·14 558 3·7 88 HRB
1·75Ni–0·5Mo–1·5Cu–0·55C Ref. 7 7·38 779 2·8 96 HRB
1·74Ni–0·56Mo–1·48Cu–0·5C Ref. 9 7·39 790 4·0 28 HRC

Heat treated† PIM 1·75Ni–0·5Mo–1·5Cu–0·4C This work 7·36 1530 <1·0 52 HRC
PM (1·55–1·95)Ni–(0·4–0·6)Mo–(1·3–1·7)Cu–(0·3–0·6)C Ref. 6 7·40 1170 <1·0 45 HRC

1·75Ni–0·5Mo–1·5Cu–0·4C Ref. 7 7·16 1030 2·0 37 HRC
1·75Ni–0·5Mo–1·5Cu–0·55C Ref. 7 7·33 1190 2·0 37 HRC
1·74Ni–0·56Mo–1·48Cu–0·5C Ref. 9 7·39 1200 1·0 40 HRC

*Sintering for PIM compacts was carried out in 95N2 –5H2 at 1200°C for 1 h. For PM compacts, sintering was carried out in endothermic
gas at 1120°C for 30 min.
†Austenised at 850°C for 30 min in argon, quenched in 50°C oil, and then tempered at 175°C for 60 min.
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Table 5 Volume diVusion rates of Ni, Cu, and Mo in iron grain growth, but to a lesser extent. Among the three
metallic additives, Mo has the fastest homogenisation rate,at 900°C (Ref. 27)
followed by Cu and Ni.

Ni Cu Mo
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