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Carbon contamination from the thermoplastic binder is an inherent problem with the metal
powder injection molding process. Residual carbon in the compacts after debinding has a
strong impact on the sintering process, microstructure, and mechanical properties. In this
study, injection molded 17-4 PH stainless steel was debound to two levels of residual
carbon, 0.203 ± 0.014 wt% and 0.113 ± 0.008 wt%, by elevating the debinding temperature
from 450◦C to 600◦C. Dilatometry in H2 atmosphere shows that the 600◦C-debound
compacts shrink much faster than those debound at 450◦C when the sintering temperature
rises to over 1200◦C. Density measurements for tensile bars sintered between 1260◦C and
1380◦C confirm the beneficial effect of low residual carbon content on sintering shrinkage.
Quantitative metallography reveals that more δ-ferrite forms along austenite grain
boundaries during sintering of the 600◦C-debound compacts. In both samples, density
gradients across the compact section are correlated with the residual carbon content and
corresponding δ-ferrite formation. Finally, tensile tests show that the 600◦C-debound
compacts have lower tensile strength but higher ductility than those debound at 450◦C. The
relevant mechanisms are discussed with a focus on the effects of residual carbon content,
δ-ferrite amount, and porosity. C© 2002 Kluwer Academic Publishers

1. Introduction
The alloy 17-4 PH is a precipitation-hardenable marten-
sitic stainless steel. Due to its high strength and good
corrosion resistance, 17-4 PH is widely used for med-
ical, automotive, and aircraft components. Among
various routes for manufacturing 17-4 PH components,
metal powder injection molding (PIM) is most attrac-
tive, since it is a net-shape forming process with ad-
vantages of shape complexity, material utilization, and
high final density [1].

The PIM process consists of four steps [2]: (1) prepa-
ration of feedstock by mixing alloy powder with a poly-
meric binder(s); (2) injection of feedstock into a mold
to make an oversized preform; (3) thermal or solvent
debinding to remove the majority of the polymer; and
(4) sintering in a controlled atmosphere to densify the
metal powder. Variation in the carbon content of the
metal is often induced in the third step by either incom-
plete binder degradation or reaction between carbon
and debinding gas [3]. Further variations may also be
introduced in the early fourth step by carbon-oxygen
and/or carbon-hydrogen reactions [4, 5]. Therefore,
carbon control is a major issue associated with the in-
jection molding of metals. In the case of injection mold-
ing of 17-4 PH, more attention should be paid to carbon

control, because of the high sensitivity of the properties
of this steel to the residual carbon content [6].

Earlier investigations on PIM 17-4 PH [1, 7–11]
focused on the effects of powder characteristics, sinter-
ing atmosphere, sintering temperature, and heat treat-
ment on the microstructure, and corresponding me-
chanical and corrosion properties. Until recently, little
effort has been devoted to the effects of residual car-
bon content. Baba et al. [12] found that the residual
carbon after sintering correlated to debound-state car-
bon contents. Further, the amount of retained austen-
ite increased with an increase of the residual carbon
content, resulting in an abrupt degradation of both
hardness and tensile strength when the residual car-
bon content was over 0.1 wt%. Kyogoku et al. [13]
confirmed that with increasing debinding temperature,
the carbon content in both the debound compact and
the sintered compact decreased continuously, and the
sintered microstructures changed from austenite and
martensite to martensite and delta (δ)-ferrite. More
importantly, with increasing residual carbon content
in the range 0.013 wt%–0.200 wt%, both the density
and yield strength of the sintered compacts decreased,
whereas the tensile strength increased. Unfortunately,
no mechanistic explanation has been offered to describe
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how the residual carbon content influences the sinter-
ing densification process with respect to microstruc-
tural evolution. In addition, the dependence of mechan-
ical properties on residual carbon content seems to be
controversial between Kyogoku et al. and Baba et al.
Recent research by Newkirk et al. [5] and Green [14]
preferred to use extremely low residual carbon levels
(around 0.02 wt%), but no comparisons of sintering
shrinkage and mechanical properties were provided.

The current study aims to correlate the sintering
shrinkage, microstructure, and mechanical properties
of PIM 17-4 PH with its residual carbon content. An
emphasis is placed on the effects of δ-ferrite forma-
tion and its variation with both residual carbon content
and sintering temperature on the sintering densifica-
tion process. Dilatometry was performed to compare
the sintering shrinkage behavior of the PIM compacts
debound to different levels of residual carbon. Quan-
titative metallography was employed to measure the
porosity and δ-ferrite content in the sintered tensile
bars. In particular, cross-sectional gradients in porosity
and δ-ferrite distribution were correlated with the car-
bon gradient. Finally, sintered tensile properties were
evaluated in the H1100 heat treatment condition, and
the fracture surfaces were analyzed under a scanning
electron microscope.

2. Experimental procedures
The powder used for injection molding in this study
was gas-atomized 17-4 PH stainless steel, with a tap
density of 4400 kg/m3 and a pycnometer density of
7690 kg/m3. The particle size distribution of this pow-
der is D10 = 5 µm, D50 = 11 µm, D90 = 21 µm. The
chemical composition of the powder is given in Table I.

The powder was mixed with an agar-based binder,
which is suitable for molding large, thick parts at sig-
nificantly lower injection pressures than traditional PIM
feedstocks [15]. The solids loading in the mixture was
55 vol%. The mixture was injection molded into tensile
bars of 75.0 mm length, 7.6 mm width, 7.6 mm thick-
ness, and 42.0 mm gauge section. Thermal debinding
was performed in hydrogen using the following sched-
ules: ramp at 2◦C/min from room temperature to 450◦C
or 600◦C with intermediate holds at 60◦C for 2 h and
110◦C for 1 h; hold at 450◦C or 600◦C for 2 h; cool down
to room temperature at 5◦C/min. The 450◦C-debound
PIM tensile bars had an average residual carbon con-
tent of 0.203 wt%, with a deviation of + 0.014 wt% in
the center and −0.014 wt% at the surface; the 600◦C-
debound bars had an average residual carbon content of
0.130 wt%, with a deviation of + 0.008 wt% in center
and −0.008 wt% at surface.

The sintering shrinkage behavior was evaluated with
a vertical pushrod dilatometer. The samples were cut
from the gauge length of the debound tensile bars, with

T ABL E I Chemical composition of 17-4 PH stainless steel powder

Composition in weight percent (wt%)

Fe Cr Cu Ni Nb + Ta Mn Si C S O N

Bal. 16.7 4.0 4.5 0.29 0.12 0.45 0.031 0.001 0.095 0.029

a dimension of 13 mm in height, 7.6 mm in width, and
7.6 mm in thickness. Pure hydrogen was used as the
sintering atmosphere, with an inlet dew point of −75◦C.
The dilatometry samples were sintered following the
same cycle: heating to 1010◦C at a rate of 10◦C/min
and holding at 1010◦C for 1 h, then heating to 1380◦C
at a rate of 2◦C/min and holding at 1380◦C for 1 h,
followed by cooling to room temperature at a rate of
10◦C/min.

On the basis of dilatometry, five key points along
the heating pathway, i.e., 1260◦C, 1300◦C, 1330◦C,
1365◦C, and 1380◦C, were selected as peak temper-
atures for tensile bar sintering in a horizontal furnace.
The sintering cycle and the atmosphere were the same
as those used in the dilatometry study, except that the
holding time at the peak temperatures was increased to
100 min in consideration of the enlarged sample size.

Densities of the sintered tensile bars were measured
by the Archimedes (water immersion) method. The cen-
ter of the gauge section was cut from one of the ten-
sile bars in each sintering run: one half was used for
residual carbon analysis, and another was mounted for
cross-sectional microstructure examination. After be-
ing polished to 0.3 µm surface finish, the mounted sam-
ples were etched using a Kalling’s reagent composed of
2 g CuCl2, 40 × 10−6 m3 HCl, 60 × 10−6 m3 ethanol,
and 40 × 10−6 m3 H2O. Optical quantitative metallo-
graphy analysis was then carried out to measure the area
fractions of the porosity and δ-ferrite across the ten-
sile bar section. The optical microscope images were
digitalized for image processing and quantification. A
200 times magnification was used for imaging, and at
least five images were processed for each quantitative
metric.

Finally, the sintered tensile bars were heat treated to
H1100 condition through the following two steps: solu-
tion treatment—austenizing at 1038◦C for 1 h in argon,
followed by water quenching; aging—holding at 593◦C
for 4 h in argon, followed by air cooling. Tensile tests
were performed to evaluate the mechanical properties
of the heat-treated tensile bars. The fracture surfaces
were examined using a scanning electron microscope
(SEM).

3. Results
3.1. Sintering shrinkage
Fig. 1 plots the dilatometry data of sintering shrink-
age and shrinkage rate versus temperature. As shown in
Fig. 1a, the 600◦C-debound sample has same shrinkage
behavior as the 450◦C-debound sample during heating
from room temperature to 900◦C. Below 630◦C they
are subject only to thermal expansion; from 630◦C to
900◦C, the thermal expansion is offset in part by a small
amount of shrinkage that peaks around 740◦C. Dra-
matic shrinkage starts at about 900◦C for both samples,
but the shrinkage behavior thereafter is influenced by
the debinding condition.

Beginning from 900◦C, the 600◦C-debound sample
shrinks slightly faster than the 450◦C-debound sample,
even during the 1 h hold at 1010◦C. However, both
debinding conditions give almost the same shrinkage
around 1200◦C, because the 600◦C-debound sample
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Figure 1 Dilatometry curves of PIM 17-4 PH showing the influence of
debinding condition on sintering shrinkage. (a) Shrinkage versus tem-
perature; (b) shrinkage rate versus temperature.

decelerates its shrinkage around 1100◦C, while the
450◦C-debound sample accelerates continuously until
1160◦C.

A remarkable difference in the shrinkage behavior is
observed above 1200◦C. The 600◦C-debound sample
shrinks much faster than the 450◦C-debound sample,
and its densification is completed much earlier around
1340◦C. In comparison, the 450◦C-debound sample
decelerates its shrinkage until about 1300◦C, above
which acceleration in shrinkage occurs and densifica-
tion continues till the 1 h hold at 1380◦C. As a result, the
600◦C-debound sample obtains a higher total sintering
shrinkage. During subsequent cooling, both samples
are subject to the same amount of thermal contraction.

The above shrinkage behavior can be better char-
acterized by the variations in shrinkage rate. As dis-
played in Fig. 1b, both samples have four shrinkage
rate peaks upon heating and one more shrinkage rate
peak upon cooling. Positions of these peaks are listed in
Table II. The positions of the first two peaks are not var-
ied obviously with the debinding condition; however,

T ABL E I I Positions of shrinkage rate peaks during sintering

Sample Peak I Peak II Peak III Peak IV Peak V

450◦C-debound 735–745◦C 993◦C 1158–1166◦C 1332–1341◦C 1261–1275◦C
600◦C-debound 752–755◦C 991◦C 1095–1105◦C 1260–1267◦C 1231–1245◦C

Figure 2 Archimedes densities of PIM 17-4 PH sintered at different
temperatures.

the remaining three peaks shift noticeably to lower tem-
peratures in the case of 600◦C debinding. According
to our previous work on the phase changes of water-
atomized 17-4 PH during sintering [16], the shrinkage
rate peak I is caused by the austenizing transformation
α → γ ; peak II is induced by deceleration of the heating
ramp before the 1 h hold at 1010◦C; peak III is an indi-
cation of the early intermediate stage of sintering; peak
IV is related to δ-ferrite formation along austenite grain
boundaries; and peak V is associated with the δ → γ

transformation. From the present dilatometry results,
it can be inferred that the sintering densification pro-
cess of PIM 17-4 PH has been promoted significantly
by elevating the debinding temperature from 450◦C to
600◦C.

The densities of the sintered tensile bars further
demonstrate the beneficial effect of 600◦C debinding.
As seen from Fig. 2, the 600◦C-debound tensile bars
obtain higher densities than the 450◦C-debound tensile
bars after sintering at the same temperatures ranging
from 1260◦C to 1380◦C. For the 600◦C-debound ten-
sile bar, an abrupt increase in density occurs when the
sintering temperature rises from 1260◦C to 1300◦C; for
the 450◦C-debound tensile bar, however, dramatic in-
crease in density is postponed to higher temperatures
in the range 1300◦C to 1365◦C. This difference agrees
well with the dilatometry results shown in Fig. 1, indi-
cating that shrinkage rate peak IV is responsible for fast
densification of 17-4 PH in the later stages of sintering.
The relevant mechanism and its relation to the residual
carbon content and microstructure are analyzed in the
following sections.

3.2. Microstructures
Microstructures of the sintered 17-4 PH tensile bars
consist of three main constituents: pores, martensite,
and δ-ferrite. Retained austenite may also be included
but cannot be distinguished from martensite under an
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optical microscope due to its small fractions. Both the
porosity and the amount of δ-ferrite vary with the sin-
tering temperature, and are greatly influenced by the
debinding temperature and the residual carbon con-
tent. In addition, gradients in porosity and δ-ferrite dis-
tributions across the tensile bar sections exist. Fig. 3
compares the near-surface microstructures of the ten-
sile bars sintered at different temperatures. The micro-
graphs were taken from the sub-layers of the samples,
which were about 1 mm below the surfaces. Fig. 4
shows the corresponding microstructures in the central
areas of the samples. The porosity and δ-ferrite content
measured by quantitative metallography are plotted in
Fig. 5 as area fraction against sintering temperature.

Figure 3 Near-surface microstructures of PIM 17-4 PH subjected to different debinding and sintering conditions. (a) 600◦C-debound, 1260◦C-
sintered; (b) 450◦C-debound, 1260◦C-sintered; (c) 600◦C-debound, 1330◦C-sintered; (d) 450◦C-debound, 1330◦C-sintered; (e) 600◦C-debound,
1380◦C-sintered; (f) 450◦C-debound, 1380◦C-sintered.

When sintered to 1260◦C, δ-ferrite (white in color)
is formed at the surface of the 600◦C-debound sam-
ple (Fig. 3a). The area fraction of δ-ferrite is measured
as 0.69%, but the actual content would be higher dur-
ing sintering, because some of the δ-ferrite transforms
back to austenite upon cooling. It can be clearly seen
that the δ-ferrite phase is preferentially precipitated at
the austenite (transformed to martensite upon cooling
below 220◦C) grain boundaries. Along with the forma-
tion of δ-ferrite, most pores are spherical, especially
for those situated at the grain boundaries, indicating
the surface layer has reached the final stage of sintering
[17]. In comparison, no δ-ferrite is formed in the cen-
ter area of this sample, and most of the pores remain
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Figure 4 Microstructures in center areas of PIM 17-4 PH subjected to different debinding and sintering conditions. (a) 600◦C-debound, 1260◦C-
sintered; (b) 450◦C-debound, 1260◦C-sintered; (c) 600◦C-debound, 1330◦C-sintered; (d) 450◦C-debound, 1330◦C-sintered; (e) 600◦C-debound,
1380◦C-sintered; (f) 450◦C-debound, 1380◦C-sintered.

unspheroidized (Fig. 4a). These differences indicate
that a large porosity gradient is present across the sam-
ple section, as shown in Fig. 5a. In the case of 450◦C de-
binding, no δ-ferrite has been formed after the 1260◦C
sintering (Figs 3b and 4b). The porosity at the surface
is very close to that in the center, and the large, irregu-
larly shaped pores imply that the sample is still in the
intermediate stage of sintering, just like that shown in
Fig. 4a.

When sintered to 1300◦C, δ-ferrite increases to
2.29% at the surface of the 600◦C-debound sample;
meanwhile, 1.12% δ-ferrite has also been formed in the
center (Fig. 5b). Consequently, there is an abrupt de-
crease in porosity (Fig. 5a). In contrast, there is still no

measurable δ-ferrite in the 450◦C-debound sample, and
the porosity is much higher. However, Fig. 5a reveals
a faster decrease in porosity at the sample surface, as
compared to the center. This means that a small amount
of δ-ferrite could have formed at the surface during sin-
tering at 1300◦C, but was transformed to austenite on
cooling.

With increasing sintering temperature to 1330◦C,
δ-ferrite increases to 2.69% at the surface and to 1.31%
in the center for the 600◦C-debound sample; mean-
while, the reduction in porosity continues, but with a
decreased rate (Fig. 5a). As shown in Figs 3c and 4c,
almost all the remaining pores have spheroidized and
shrunk to much smaller sizes, and most are located
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Figure 5 Variations in cross-sectional porosity (a) and δ-ferrite content,
(b) of PIM 17-4 PH with sintering temperature.

inside the original austenite grains, away from the
δ-ferrite. Moreover, the porosity gradient across the sec-
tion is reduced considerably if compared with the
1260◦C sintering. On the contrary, the porosity gradi-
ent is enlarged in the 450◦C-debound sample, because
of the formation of δ-ferrite at its surface. As shown
in Fig. 3d, δ-ferrite precipitates along the grain bound-
aries, very similar to that shown in Fig. 3a. The pores
are becoming spherical, but the pore sizes are still larger
than those shown in Fig. 3c. In the center area of the
sample, there is still no δ-ferrite formed, and most of
the pores remain unspheroidized (Fig. 4d).

Further increasing the sintering temperature, δ-ferrite
increases more rapidly in the 600◦C-debound sample,
but porosity decreases at almost the same rate as be-
fore, since nearly full densification has been reached
(Fig. 5). After sintering at 1380◦C, the δ-ferrite con-
tent is measured as 10.48% at the surface and 7.71%
in the center. As seen from Figs 3e and 4e, δ-ferrite
tends to form a network along the original austenite
grain boundaries, and the remaining small pores
are all located inside the austenite grains. In addition,
the porosity across the section becomes much more uni-
form. For the 450◦C-debound sample, δ-ferrite begins
to form above 1330◦C in the center area. After sinter-
ing at 1380◦C, the δ-ferrite content reaches 2.07% at
the surface, and the pores are spheroidized (Fig. 3f).
Moreover, 0.46% δ-ferrite is precipitated along grain
boundaries in the center (Fig. 4f), resulting in a dra-

Figure 6 Residual carbon contents of sintered PIM 17-4 PH.

matic decrease in porosity, as shown in Fig. 5a. How-
ever, the overall porosity of the 450◦C-debound sample
is higher and the porosity gradient is larger than that of
the 600◦C-debound sample.

The cross-sectional microstructural gradients and
their difference between the 600◦C- and 450◦C-
debound samples can be correlated with the sintered-
state residual carbon contents. As shown in Fig. 6, the
450◦C-debound samples have a residual carbon con-
tent of 0.120 ± 0.012 wt% after sintering, whereas the
600◦C-debound samples obtain a much lower resid-
ual carbon content of 0.060 ± 0.010 wt%. In addition,
the cross-sectional gradient in the residual carbon con-
tent still exists in both kinds of samples. In accordance
with their debound-state carbon gradients, the sintered
450◦C-debound samples have a larger cross-sectional
carbon gradient than the sintered 600◦C-debound sam-
ples. With increasing temperature between 1260◦C and
1380◦C, the residual carbon content does not change
significantly. This means that decarburization of the de-
bound PIM compacts occurs mainly in the early stages
of sintering, favored by the open pore structures [5]. Re-
lationships among the residual carbon content, δ-ferrite
formation, and pore shrinkage are discussed later in this
paper.

The tensile bars that are heat-treated to H1100 condi-
tion consist of tempered martensite, δ-ferrite, and pores.
Compared with the sintered-state, there is no measur-
able change to the porosity after heat treatment, but the
morphology of δ-ferrite is altered. As seen from Fig. 7,
the edges of the δ-ferrite regions become dull, and
the network-like structure changes to a more discrete
morphology, as a result of the solution treatment. Quan-
titative metallography shows that about 1% of δ-ferrite
dissolves during the 1 h austenization at 1038◦C. In
17-4 PH, a discrete δ-ferrite morphology is required to
improve its ductility, strength, and toughness [10].

3.3. Mechanical properties
Fig. 8 shows the variations in both tensile strength and
elongation of the tensile bars after H1100 heat treat-
ment, as a function of sintering temperature. It can be
found that the 450◦C-debound tensile bars have higher
tensile strength but lower elongation than the 600◦C-
debound tensile bars. Moreover, with increasing sinter-
ing temperature, the tensile strength peaks at 1365◦C
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Figure 7 Near-surface microstructures of PIM 17-4 PH in H1100 heat treatment condition. (a) 600◦C-debound, 1330◦C-sintered; (b) 450◦C-debound,
1330◦C-sintered; (c) 600◦C-debound, 1380◦C-sintered; (d) 450◦C-debound, 1380◦C-sintered.

for the 450◦C-debound samples and at 1330◦C for the
600◦C-debound samples. This means that the tensile
strength of the sintered 17-4 PH is not only determined
by the residual carbon content, as revealed by Kyogoku
et al. [13], but also depends on the sintering tempera-
ture. With increasing sintering temperature, the com-
pacts are densified with continuous decrease in poros-
ity; meanwhile, the δ-ferrite content increases, resulting
in a reduction in the martensite content. By combin-
ing the δ-ferrite data shown in Fig. 5b with the tensile
strength variation shown in Fig. 8a, it can be inferred
that the tensile strength is obviously degraded when the
δ-ferrite content is above 2% or so.

In comparison, the ductility of the sintered 17-4 PH
is not adversely influenced by the δ-ferrite content. The
lower the residual carbon content, the higher the elon-
gation. In addition, elongation increases continuously
with increasing sintering temperature. Fig. 9 shows the
morphologies of the tensile fracture surfaces. It can be
seen that all the samples exhibit dimpled rupture, but
the dimple morphology varies with the debinding and
sintering conditions. For the 1330◦C sintered 450◦C-
debound tensile bar, most of the dimples have a large
size around 10 µm (Fig. 9a). When the sintering tem-
perature rises to 1380◦C, the large-sized dimples are re-
duced remarkably, and most of the dimples are smaller
than 5 µm (Fig. 9b). The increase in the small-sized
dimples corresponds to the improvement in ductility as
shown in Fig. 8b. For the 600◦C-debound tensile bars,
there are a larger amount of small-sized dimples on

the fracture surfaces (Fig. 9c and d), correlating higher
ductility with the high temperature debinding.

In consideration of the microstructural difference
across the tensile bar section, the morphology of the
outer area on the fracture surface is also examined and
shown in Fig. 9e and f. Compared to the center area
shown in Fig. 9d, the fracture surface in the outer area
is much smoother, because of the lack of large, deep
dimples. Extremely small dimples with sizes less than
1 µm occupy most of the outer area, and the remaining
large dimples are usually shallow. The magnified image
in Fig. 9f shows that the shallow dimples are located
at the δ-ferrite regions. Neither microcracks nor brittle
rupture is found with the δ-ferrite. Therefore, δ-ferrite
does not show any adverse effect on ductility in this
paper. Based on the fact that the large dimples on the
fracture surfaces have very similar sizes and distribu-
tions to the pores shown in Figs 3 and 4, it can be drawn
that the large dimples are initiated predominantly at the
pores; thus, the ductility of the sintered 17-4 PH de-
pends mainly on the porosity.

4. Discussion
4.1. Relation between residual carbon

content and δ-ferrite formation
When sintered, 17-4 PH stainless steel has a two-phase
microstructure consisting of a mixture of δ-ferrite and
martensite. According to the Schaeffler constitution
diagram of stainless steel [6], the fraction of δ-ferrite
in the mixture varies with the Ni equivalent and Cr
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(b)

Figure 8 Tensile properties of PIM 17-4 PH in H1100 heat treatment
condition. (a) Tensile strength; (b) elongation.

equivalent. Carbon is a major contributor to the Ni
equivalent. The lower the carbon content, the higher
the δ-ferrite fraction. For investigations on the sinter-
ing process of PIM 17-4 PH, information about the
δ-ferrite content is important. Unfortunately, there is no
diagram describing accurately the variation in δ-ferrite
content with sintering temperature and residual carbon
content.

The ternary iron-chromium-carbon constitution dia-
gram at 13% Cr [6] is shown in Fig. 10 as a reference
phase diagram. It is expected that the γ phase region
shown in this diagram is enlarged for 17-4 PH due to
the existence of 4.5% Ni. According to the diagram,
17-4 PH experiences the following sequential solid-
state phase changes during heating: α + C1(M23C6) →
α + γ + C1 → γ → γ + δ→ δ. The exact temperatures
of these phase changes may vary with the compo-
sition and the heating rate. In this work, the α → γ

transformation occurs around 740◦C, resulting in a
small amount of shrinkage (Peak I) due to the dif-
ference in atomic packing density between the BCC-
structured α and FCC-structured γ . The diagram also
shows that the starting temperature for γ → γ + δ

transformation varies largely with the carbon content.
The lower the carbon content, the lower the starting
temperature. The present paper shows that when sin-
tered between 1260◦C and 1380◦C, the 450◦C-debound
PIM 17-4 PH has higher residual carbon content
than the 600◦C-debound sample (0.120 ± 0.012 wt%

and 0.060 ± 0.010 wt%, respectively). Consequently,
δ-ferrite begins to form at around 1300◦C in the former,
whereas 0.69% δ-ferrite has been formed at 1260◦C in
the latter. With increasing sintering temperature, the
amount of δ-ferrite increases in both samples, but the
600◦C-debound sample has a higher δ-ferrite content
than the 450◦C-debound sample. In addition, due to the
carbon gradient across the section, δ-ferrite is not uni-
formly distributed in the samples, with a higher content
at surface and a lower in the center.

4.2. Role of δ-ferrite in sintering
densification

Dilatometry and microstructural analysis revealed that
a high shrinkage rate (Peak IV) occurs when δ-ferrite
begins to form during sintering. Low residual carbon
content lowers the starting temperature of γ → δ trans-
formation significantly, thus promoting the densifica-
tion of PIM 17-4 PH. The density measurement as well
as the cross-sectional porosity analysis for the sintered
tensile bars further confirms the beneficial effect of
δ-ferrite on sintering densification.

The role of δ-ferrite in sintering densification of
17-4 PH can be analyzed on the basis of sintering kinet-
ics. In general, during the intermediate stage of sinter-
ing, stainless steels densify mainly by grain boundary
diffusion due to its lower activation energy as com-
pared to volume (lattice) diffusion [17]. Vacancies from
the pores at the interparticle junctions migrate along
the grain boundaries, and are annihilated there, giv-
ing a reverse flow of mass from the grain boundary
to the pore surface. Any change to the mass-transport
process would affect the shrinkage rate. For 17-4 PH,
the mass transport prior to δ-ferrite formation proceeds
dominantly along the austenite grain boundaries. When
δ-ferrite precipitates at the austenite grain boundaries
and intersects with the pore surface, the mass-transport
mechanism will be changed. First, the δ/γ interphase
boundaries contribute to the mass transport, because
they also act as the interfacial vacancy sink [17]. Sec-
ond, δ-ferrite volume diffusion is very appreciable, be-
cause the coefficient of the volume diffusion in ferrite
is generally one or two orders of magnitude higher than
that in austenite [18], owing to its lower atomic packing
density. Therefore, in the presence of δ-ferrite, the over-
all atomic diffusivity would be significantly increased,
and more mass can be transported to the pore surface
per unit time, thus resulting in a rapid pore shrinkage
accompanied by an increased shrinkage rate and fast
densification.

The beneficial effect of δ-ferrite exists also in the
sintering of duplex stainless steels. Kamada et al. [19]
and Puscas et al. [20] found that the shrinkage in-
creased with an increase in the amount of δ-ferrite
powder, because of the activated sintering by the high
atomic diffusivity in δ-ferrite. Recent work by Datta
et al. [21] further denoted that the enhanced sinter-
ability by ferritic powder addition varied with the sin-
tering temperature. Therefore, promoted sintering in
the δ-ferrite containing alloy systems can be realized
by manipulating the δ-ferrite content and the sintering
temperature.
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Figure 9 Fracture surface morphologies of PIM 17-4 PH tensile bars. (a) 450◦C-debound, 1330◦C-sintered, center; (b) 450◦C-debound, 1380◦C-
sintered, center; (c) 600◦C-debound, 1330◦C-sintered, center; (d) 600◦C-debound, 1380◦C-sintered, center; (e) 600◦C-debound, 1380◦C-sintered,
near surface; (f) high magnification of (e).

4.3. Effects of residual carbon content,
δ-ferrite and porosity on tensile
properties

The mechanical properties of the sintered PIM 17-4 PH
are determined by the microstructures, which consist
mainly of martensite, δ-ferrite, and porosity. The resid-
ual carbon content can influence not only the mechani-
cal properties of martensite itself, but also the fractions
of martensite and δ-ferrite. In general, an increase in
martensite fraction, which means a decrease in ferrite

fraction, results in an increase in tensile strength [22].
This is the reason why the 450◦C-debound sample ex-
hibits higher tensile strength than the 600◦C-debound
sample after sintering at the same temperatures. How-
ever, the porosity also plays an important role in the
tensile behavior. As evident from above sections, the
porosity decreases in both samples with increasing sin-
tering temperature. As a result, the tensile strength in-
creases until the δ-ferrite content rises to over 2.0%
or so. This result helps to explain the phenomenon,
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Figure 10 A ternary iron-chromium-carbon constitution diagram at
13% Cr [6].

found by Baba et al. [12] and Kyogoku et al. [13], that
an abrupt decrease in tensile strength occurred at high
residual carbon levels, which they ascribed to the effect
of retained austenite. As for the ductility, the porosity
appears to be more influential than the δ-ferrite con-
tent, as evident from the fracture morphologies shown
in Fig. 9. The presence of pores favors the large-sized
dimple rupture, thus lowering the ductility [13]. An em-
pirical equation has been derived by German [23], with
regard to the relation between the porosity and relative
ductility of P/M materials. Nevertheless, an adverse ef-
fect of δ-ferrite on ductility would be seen if an ex-
tremely high content of δ-ferrite, e.g., above 16%, is
involved [11].

Overall, the present paper shows that the mechanical
properties of the sintered PIM 17-4 PH can be mani-
pulated by controlling the debinding condition, residual
carbon content, and the sintering temperature. Through
subsequent heat treatment, the tensile strength and the
ductility can be further adjusted to be comparable to
those of the wrought 17-4 PH [24].

5. Conclusions
The effects of the residual carbon content after debind-
ing on the sintering shrinkage behavior, microstructure,
and mechanical properties of PIM 17-4 PH are closely
related to the δ-ferrite phase formed during sintering.
δ-ferrite precipitates along the austenite grain bound-
aries, and promotes densification. Therefore, a high
shrinkage rate is induced by the formation of δ-ferrite
during the intermediate state of sintering. Higher tem-
perature debinding produces a lower residual carbon
content, which favors the formation of δ-ferrite and a
higher final density. Moreover, porosity gradients can
be caused by the residual carbon gradient across the
compact section. Compared with center area, surface
layers of the compact possess less porosity, owing to
their lower residual carbon contents and higher δ-ferrite
contents. δ-ferrite decreases the tensile strength by re-
ducing the fraction of martensite in the sintered struc-
ture, but helps to improve the ductility by decreasing
the porosity.
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