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The sintering behavior of 17-4 PH stainless steel has been efficiently characterized by a
two-phase master sintering curve model (MSC). The activation energy for the sintering of
gas-atomized and water-atomized 17-4 PH powders is derived using the mean residual method,
and the relative density of both powders is well predicted by the two-phase MSC model. The
average error between dilatometry data and MSC model has been reduced by 68 pct for
gas-atomized powder and by 45 pct for water-atomized powder through the consideration of
phase transformation of 17-4 PH in MSC model. The effect of d-ferrite is considered in the
two-phase MSC model, leading to excellent explanation of the sintering behavior for 17-4 PH
stainless steel. The suggested model is useful in predicting the densification and phase change
phenomenon during sintering of 17-4 PH stainless steel.
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I. INTRODUCTION

THE grade 17-4 PH stainless steel is a precipitation
hardening martensite stainless steel with high strength
and good corrosion resistance. Due to these advantages,
17-4 PH stainless steel has been widely used in medical,
automotive, aircraft, and military applications. Excep-
tionally high tensile strength with moderate ductility is
obtained by the combination of solid solution harden-
ing, precipitation strengthening, and phase transforma-
tion from austenite to martensite during heat treatment.
This alloy, however, has low machinability, and the
conventional processing methods are only limited to
simple shape components. Therefore, particulate mate-
rial (PM) manufacturing methods have been actively
studied and applied to this alloy. For example, powder
injection molding, a near-net shape manufacturing
technology, is known to easily fabricate 17-4 PH
stainless steel to full density.[1–6]

Sintering is a thermally activated process used to
manufacture PM. Densification via sintering is associ-
ated with a volume change (shrinkage) governed by the
conservation of mass. It is critical to the PM manufac-
turer to monitor and control the concomitant

densification and shrinkage to produce quality materials
within specified density and dimensional limits. To this
end, various sintering models have been proposed over
the past decades.[7–27] One of the simplest and most
functional models is the master sintering curve (MSC),
originally developed by Su and Johnson.[28] The MSC
approach has served as the foundation for a number of
studies aimed at modeling the sintering process for
various PM material systems.[29–43]

The MSC approach is used to predict sintering
densification by considering one sintering mechanism
to be dominant and persistent over the entire sintering
cycle. For many of the PM systems that have been
studied, this is an appropriate assumption.[36,37,41–43]

However, 17-4 PH stainless steel exhibits different
sintering behaviors at different temperatures, dependent
on the phases that appear during sintering.[24,44–46]

These phase changes have been confirmed by a study
of the microstructural evolution during sintering of
powder injection-molded 17-4 PH stainless steel.[47] This
study indicates 17-4 PH stainless steel powder is
martensitic at room temperature, and as such, this is
the phase of the injection-molded sample at lower
temperatures of sintering. The martensite transforms
into c-austenite around 993 K (700 �C), which corre-
lates to the relevant phase diagram shown in
Figure 1(a). A second phase transformation, c-austenite
to d-ferrite, starts around 1473 K (1200 �C). The per-
centage of d-ferrite in the microstructure as a function of
temperature is shown in Figure 1(b).[48] Additionally,
these studies elucidate the influence that the different
diffusivities associated with each phase have on densi-
fication by noting the change in linear shrinkage rate
with temperature.
In this study, a two-phase master sintering curve is

developed and linearized by relating the natural loga-
rithm of the work-of-sintering to the densification
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parameter. Water-atomized and gas-atomized powders
were compared for their sintering behavior analysis and
characterized by two-phase master sintering curve.

II. MASTER SINTERING CURVE THEORY

The MSC was originally developed by Su and
Johnson,[28] derived from Coble’s combined stage sinter
model.[15] The details of the model are fully explained in
a number of publications.[28–36] Blaine et al. presented a
mathematical manipulation of the sigmoid function that
typically fits the model well, offering a linearized version
of the MSC.[49] The linearized MSC is formulated by
relating the densification ratio, F, to the work-of-sin-
tering, h. The densification ratio represents a relative
progression in sintering densification, defined as

U � q� q0
1� q0

: ½1�

The relative density at the onset of sintering densifi-
cation is q0, relating to a densification ratio F = 0; once
full density has been reached, the relative density, q, is
unity and delivers an associated densification ratio of
F = 1. The work-of-sintering is an integral over the

sintering thermal cycle, defined by the time t at
temperature T, expressed as

hðt;TÞ ¼
Z t

t0

1

T
exp � Q

RT

� �
dt; ½2�

where Q is the apparent activation energy for sintering
densification and R is the Universal gas constant. The
thermal events occurring during sintering occur simul-
taneously, and some do not induce densification; there-
fore, the activation energy is called ‘‘apparent’’ as it only
gives an empirical indication of the temperature depen-
dence of sintering densification by concomitant diffu-
sional mechanisms.
The linear MSC relates these two parameters to each

other as follows:

lnU ¼ n ln
h
href

� �
; ½3�

where n is the power law exponent (from the nonlin-
earized form of Eq. [3]) and href is the value of the
work-of-sintering midway through densification, at
q = (q0+1)/2.[49]

Typically, an iterative procedure is employed for
determining the apparent activation energy for sintering
densification; this usually involves minimization of a
mean residual error between the predictive curve and
experimental data.[22,28,29] Sometimes, especially for
single-phase, solid-state sintering, where the primary
diffusional mechanism for sintering is known, the
published activation energy for the volume or grain
boundary diffusion, as appropriate, is used.[34] In most
of these cases, the iterative value for Q is very close to
the theoretical value.[35] In this study, as there are a few
phases that appear over the sintering cycle for 17-4 PH
stainless steel, the iterative method is used. The calcu-
lation of the mean residual is determined by the
equation suggested by Blaine et al.,[49] repeated here
for convenience:

Mean residual ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

qf � q0

Z qf

q0

PN
i¼1

hi
hi avg

� 1
� �2

N
dq

vuuut ;

½4�

where qf is the final relative density, N is total number
of dilatometry tests, i is the dummy variable for sum-
mation, hi is the work-of-sintering at ith value of rela-
tive density, and hi_avg is the average value of the
work-of-sintering up to ith value of density. Integra-
tion over the relative density instead of the
work-of-sintering range gives more accurate and effi-
cient convergence to a minimum value of the mean
residual while iterating for Q. The power law expo-
nent, n, is equivalent to the slope of the linear MSC in
Eq. [3]:

n � d lnU
d ln h

: ½5�

Fig. 1—(a) Phage diagram of 18 pct Cr steel containing 4 pct nickel
(0.1 pct carbon) and (b) amount of d-ferrite with function of temper-
ature.
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The equivalence given in Eq. [5] is particularly useful
when constructing a MSC for material systems, such as
17-4 PH stainless steel, where the diffusion rate changes
over the course of sintering due to the presence or
transformation of different phases. The slope of the
linear MSC will change accordingly and multiphase
MSCs can be constructed to more accurately model
sintering densification over the entire sintering cycle.
This study illustrates this concept through application to
the sintering of injection-molded 17-4 PH stainless steel.

III. EXPERIMENTAL PROCEDURES

In this study, we use two different 17-4 PH stainless
steel powders with D50 particle size of 10 lm to
illustrate and verify the proposed two-phase MSC:
gas-atomized 17-4 PH stainless steel powder and
water-atomized 17-4 PH stainless powder. The melting
temperature and theoretical density of 17-4 PH stainless
steel are 1677 K to 1713 K (1404 �C to 1440 �C) and
7.73 g/cm3.[48] We have used a vertical pushrod
dilatometer (Anter Laboratories Unithermt model
#1161, Anter Laboratories, Pittsburgh, PA) capable of
measuring sintering shrinkage, shrinkage rate, and
furnace chamber temperature in situ. The measured
pycnometer density of both 17-4 PH stainless steel
powders was 7.64 g/cm3. To prepare samples for
dilatometry test, feedstocks were formulated using both
types of 17-4 PH powder with a water-based agar binder
system in 55 powder volume percent, injection molded
into a bar-shape mold and debound in 873 K (600 �C)
furnace flowing H2 gas removing binders. Oil quenching
method and Archimedes method were used to measure
the densities of samples. The algorithm for constructing
a two-phase MSC is summarized in Figure 2.

The MSC is characterized by a series of constant
heating rate or isothermal hold sintering experiments.
For the gas-atomized powder, six different dilatometry
tests were conducted, as described in Table I. Tests A, B,
and C ramp up from room temperature to a first holding
temperature of 1283 K (1010 �C) at a heating rate of
10 K (�C)/min; thereafter, the tests ramp up to a second
hold temperature of 1638 K (1365 �C) using different
heating rates for each test. Tests D and E have a same
holding temperature at 1473 K (1200 �C) and ramp up
to this temperature at different heating rates for each
test, and F has the highest hold temperature of 1673 K
(1400 �C) with same heating rate with E. Three dilatom-
etry tests were conducted for water-atomized powder, as
described in Table II. All three tests had two different
holding temperatures, ramping from room temperature
to the first holding temperature at a heating rate of 10 K
(�C)/min and then from the first to the second holding
temperature with a heating rate of 1.67 K (�C)/min. All
tests, for both the gas- and water-atomized powders,
were conducted in a vertical pushrod dilatometer
capable of recording sintering shrinkage, shrinkage rate,
and furnace chamber temperature in situ. This dilatome-
ter is regularly calibrated to a sapphire standard for

accuracy and repeatability of shrinkage and temperature
measurement. The experimental data collected from the
dilatometer are then used to calculate the sintering
densification by subtracting the thermal expansion from
the linear shrinkage, assuming isotropic shrinkage for
the volume, and relating the volume change to the
density change with the assumption of constant sample
mass. Therefore, the sintered density at any point in the
sintering cycle can be calculated, and these data are used
to construct a MSC.
The dilatometry data can also be used to identify

phase changes that are associated either with volumetric
changes or with changes in shrinkage rates because of
altered diffusion rates of varying phases.

IV. RESULTS AND DISCUSSION

A. Phase Changes

In Figure 3, the shrinkage and shrinkage rate from
Test F are shown. The shrinkage rate curve shows a
peak at 993 K (720 �C), indicating the volume change
associated with the phase change from original
a¢-martensite to c-austenite. The shrinkage increases
with a change to the shrinkage slope at 1263 K (990 �C),
which indicates the onset of densification. This is similar
to the behavior noted by other researchers.[47] From
1383 K to 1473 K (1110 �C to 1200 �C), the shrinkage
rate plateaus, indicating the maximum shrinkage rate of
the c-austenite single phase. Finally, at 1473 K
(1200 �C), the shrinkage slope changes, indicating onset
temperature for the second phase for master sintering
curve. This temperature coincides with the appearance
of d-ferrite on the c-austenite grains, indicating the onset
of a dual phase microstructure for the 17-4 PH stainless
steel microstructure.[42]

For gas-atomized powder, the calculated constant
thermal expansion coefficient from dilatometry data
during cooling is 2.14 9 10�5 K�1 with error of
5.58 pct. For water-atomized powder, the calculated
constant thermal expansion coefficient from dilatometry
data during cooling is 1.37 9 10�5 K�1 with error of
7.50 pct.

B. Activation Energy of MSC

In Figure 4, the mean residual of activation energy is
shown for gas-atomized powder and water-atomized
powder. For gas-atomized powder, the calculated
apparent activation energy [T £ 1473 K (1200 �C)] was
321 kJ/mol by minimizing residual based on MSC with
residual of 0.185. The apparent activation energy
[T> 1473 K (1200 �C)] was 350 kJ/mol by minimizing
residual based on MSC with residual of 0.269. For
water-atomized powder, the calculated apparent activa-
tion energy [T £ 1473 K (1200 �C)] was 349 kJ/mol by
minimizing residual based on MSC with residual of
0.110. The apparent activation energy [T> 1473 K
(1200 �C)] was 360 kJ/mol by minimizing residual based
on MSC with residual of 0.0959.
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C. MSC Without the Consideration of Phase Change

The master sintering curves for both types of powder
without the consideration of phase change are shown in
Figure 5. A nondimensional relative density value has
been employed, which is 1 for full density. For gas-at-
omized powder, the function of relative density can be
written as below:

qs ¼ 0:55þ 0:45

1þ exp � ðlnHþ29:93Þ
1:521

� � ; ½6�

where the activation energy, 350 kJ/mol [T> 1473 K
(1200 �C)], was used in the calculation because

densification below 1473 K (1200 �C) was relatively
small compared with densification above 1473 K
(1200 �C). The sigmoid function model in Eq. [6] had
average error of 1.34 pct and maximum error of
8.70 pct. For water-atomized powder, the function of
relative density is written as below:

qs ¼ 0:55þ 0:45

1þ exp � ðlnHþ30:41Þ
1:890

� � ; ½7�

where the activation energy 360 kJ/mol was used with the
same reason of gas-atomized powder. The Eq. [7] had
average error of 1.06 pct and maximum error of 6.26 pct.

Fig. 2—Overall algorithm for constructing two-phase MSC of 17-4 PH stainless steel.

Table I. Dilatometry Test Condition for Gas-Atomized Powder

Test Ramp 1 (K/min) Hold 1 Ramp 2 (K/min) Hold 2 Cool (K/min)

A 10 1283 K (1010 �C) 1 h 7 1638 K (1365 �C) 1 h 10
B 10 1283 K (1010 �C) 1 h 5 1638 K (1365 �C) 1 h 10
C 10 1283 K (1010 �C) 1 h 1.67 1638 K (1365 �C) 1 h 10
D 7 1473 K (1200 �C) 1 h — — 10
E 5 1473 K (1200 �C) 1 h — — 10
F 5 1673 K (1400 �C) 1 h — — 10

Table II. Dilatometry Test Condition for Water-Atomized Powder

Test. Ramp 1 (K/min) Hold 1 Ramp 2 (K/min) Hold 2 Cool (K/min)

A 10 1200 K to 1473 K (927 �C to 1200 �C) no hold 1.67 1603 K (1330 �C) 1 h 10
B 10 1283 K (1010 �C) 1 h 1.67 1638 K (1365 �C) 1 h 10
C 10 1283 K (1010 �C) 1 h 1.67 1603 K (1330 �C) 1 h 10
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D. MSC with the Consideration of Phase Change

In Figure 6, the MSCs and linearized model for both
powders considering phase change are shown. For the
gas-atomized powder at T £ 1473 K (1200 �C), the
relative density function is given below:

qs ¼ 0:55þ 0:45

1þ exp � ðlnHþ26:48Þ
2:006

� � : ½8�

This model had average error of 0.826 pct and maxi-
mum error of 3.44 pct. In logarithmic linearized form,
this MSC model is as follows:

lnU ¼ 1

2:006
ðlnHþ xÞ; ½9�

where x is �26.28, the halfway to full density, and the
density difference ratio F is defined below:

U ¼ q� 0:55

1:0� q
: ½10�

For the temperature above 1473 K (1200 �C), the
two-phase MSC is written as below:

qs ¼ 0:55þ 0:45

1þ exp � ðlnHþxÞ
0:09512

� � ; ½11�

where the average error is 0.211 pct and maximum
error is 0.411 pct, which is much less than the MSC
model without the consideration of phase change. The
linearized two-phase MSC model is as follows:

lnU ¼ 1

0:09512
ðlnHþ xÞ; ½12�

where x is dependent of sintering cycle and the value is
�27.09 for Exp. A, �26.91 for Exp. B, and �26.16 for
Exp. C.
For water-atomized powder at T £ 1473 K (1200 �C),

the two-phase MSC model is given as follows:

qs ¼ 0:55þ 0:45

1þ exp � ðlnHþ29:45Þ
2:035

� � : ½13�

The average error and maximum error were 0.750 and
1.54 pct, respectively. The linearized model is given
below:

lnU ¼ 1

2:035
ðlnHþ xÞ ½14�

where x is �29.25, the halfway to full density. For the
temperature T> 1473 K (1200 �C), the two-phase
MSC model is written as below:

qs ¼ 0:55þ 0:45

1þ exp � ðlnHþxÞ
0:4428

� � ½15�

which had the average error of 0.338 pct and the maxi-
mum error of 0.932 pct. The linearized form of
Eq. [15] is written as below:

lnU ¼ 1

0:4428
ðlnHþ xÞ; ½16�

where x is dependent of sintering cycle and its value is
�28.13 for Exp. A, �28.79 for Exp. B, and �29.23 for
Exp. C.
The consideration of phase changes in two-phase

master sintering curve with different activation energies
in different phases reduced 68 pct of average error for
gas-atomized powder and 45 pct of average error for
water-atomized powder from the single-phase master
sintering curve. The detailed comparisons of measured
densities and the predicted relative densities are sum-
marized in Tables III and IV.

E. Comparison of Two Powders

In Figure 7, the relative density profile for the two
experimental powders (gas and water-atomized 17-4 PH
powder) was compared under the same dilatometry
conditions. Gas-atomized 17-4 PH powder reached full
density faster than water-atomized 17-4 PH powder,
while two types of powder have the same D50 size of
10 lm. This phenomenon is in accordance with the
general faster sintering behavior of spherically shaped
gas-atomized powder, which has larger surface area to
receive heat affection than that of less spherically shaped
water-atomized powder. Water atomization process has
much less time to spheroidize in comparison to gas
atomization.[50] This relationship between surface area
and fast sintering behavior is employed efficiently in
spark plasma sintering process using nanosized powder
to enhance fast diffusion paths for mass transport
provided by significant volume fraction of inter-
face.[51–54] Comparison of the two-phase MSCs of these

Fig. 3—Shrinkage and shrinkage rate from Exp. F in Table I.
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powders is shown in Figure 8. One can see the relative
density changes with significant phase change behavior
of two powders shown in Figure 8(a). This difference
can be quantified by comparing the first linearized
density values of second phase for two powders, �28.78
for water-atomized powder, and �26.16 for gas-at-
omized powder. Their time–temperature–density rela-
tionships are summarized in Figure 9.

F. Two-Phase MSC with the Consideration of Amount of
d-Ferrite

As shown in Eq. [17], first slope parameter for lower
sigmoid function model is obtained from the slope of
lower linearized model region (1/2.006).

lnU ¼ 1

2:006
ðlnHþ 26:48Þ½T � 1190K ð917 �CÞ�: ½17�

Similarly, the second slope parameter is obtained from
highest holding temperature (1/0.01641). Finally, the
intermediate slope can be obtained by interpolating
two slope values from lower and higher regions with
consideration of d-ferrite. With the consideration of
d-ferrite, the linearized model can be written as below:

lnUiþ1 ¼ lnUi þ
1� d
2:006

þ d
0:01641

� �

� ðlnHiþ1 � lnHiÞ½T>1463K ð1190�CÞ�;
½18�

Fig. 4—Determining apparent activation energies: (a) gas-atomized and (b) water-atomized.

Fig. 5—MSCs without the consideration of phase change: (a) gas-
atomized and (b) water-atomized.
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Table III. Comparison of Measured and Predicted Densities for Gas-Atomized Powder

Exp.

Sintered Relative Density

Archimedes

MSC Without Phase Change MSC With Phase Change

Density Error (Percent) Density Error (Percent)

A 0.831 0.877 5.46 0.828 0.44
B 0.889 0.943 6.09 0.896 0.75
C 0.961 0.958 0.35 0.964 0.30
D 0.967 0.981 1.47 0.983 1.70
E 0.981 0.988 0.71 0.993 1.23
Average Error (Percent) 2.82 0.89

Table IV. Comparison of Measured and Predicted Densities for Water-Atomized Powder

Exp. Quenching Point

Sintered Relative Density

Archimedes

MSC Without Phase Change MSC with Phase Change

Density Error (Percent) Density Error (Percent)

A final 0.982 0.973 0.92 0.999 1.73
B 1283 K (1010 �C)/after 1 h 0.699 0.613 12.3 0.661 5.37

1373 K (1100 �C)/no hold 0.728 0.677 5.97 0.729 0.10
1473 K (1200 �C)/no hold 0.838 0.830 0.96 0.831 0.78
1573 K (1300 �C)/no hold 0.963 0.946 1.77 0.959 0.38
1638 K (1365 �C)/no hold 0.973 0.964 0.92 0.992 1.95
1638 K (1365 �C)/after 1 h 0.982 0.982 0.02 0.999 1.73
final 0.992 0.982 1.01 0.999 0.74

C final 0.988 0.973 1.48 0.999 1.16
Average Error (Percent) 2.82 1.55

Fig. 6—MSCs with the consideration of phase change: (a) gas-atomized, (b) water-atomized, (c) linearized MSC for gas-atomized, and (d)
linearized MSC water-atomized.
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where d is the content of d-ferrite and defined as
below:

d ¼ ðdi þ diþ1=2Þ: ½19�

In Figure 10, the two-phase models considering the
amount of d-ferrite were compared with the two-phase
model without this consideration for Exps. A, B, and C.
The d-ferrite considered models have the average error
of 0.116 pct and maximum error of 0.335 pct, which are
further reduced compared to those of two-phase MSCs
without the consideration of the d-ferrite.

V. CONCLUSIONS

The sintering behavior of 17-4 PH stainless powder is
successfully characterized by the two-phase MSC model.
The activation energies for sintering densification of
gas-atomized and water-atomized 17-4 PH powders were
321 and 349 kJ/mol. The relative density of 17-PH has
been well predicted by the two-phase MSC model with
the average error of 0.826 pct for gas-atomized powder
and 0.750 pct for water-atomized powder. The consider-
ation of the amount of d-ferrite in gas-atomized powder
has reduced the average error further to 0.116 pct. The
numerical models obtained in this work are very useful
for the accurate analysis of 17-4 PH sintering behavior
and the optimization of cycles to reach various technical
goals related to the time, temperature, heating rate, and
similar processing parameters.
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Fig. 7—Dilatometry plots of two powders with the same sintering
cycle (Exp. C for gas-atomized and Exp. B for water-atomized).

Fig. 8—MSC plots of two powders with the same sintering cycle
(Exp. C for gas-atomized and Exp. B for water-atomized): (a) MSC
plot and (b) linearized MSC plot.

Fig. 9—Time–temperature–density diagram of two powders.

Fig. 10—Temperature profile (Exp. A) and corresponding densities
for gas-atomized powder.
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