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ORIGINAL ARTICLE

Sintering of 17-4PH stainless steel powder assisted by microwave
and the gradient of mechanical properties in the sintered body

J. Shi'?? . Z. Cheng? - J.C. Gelin® - T. Barriere® - B. Liu?
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Abstract The sintering of 17-4PH stainless steel powder using
microwaves has rarely been reported with results better than
those produced by sintering with conventional resistive heating.
This study evaluates the effect of the sintering temperature, hold-
ing time, heating rate and the pre-sintering stage in microwave-
assisted sintering. By optimizing the sintering step to determine
the optimal process, a more homogeneous microstructure, a
greater sintered density, a greater shrinkage and better mechani-
cal properties were obtained using microwave-assisted sintering.
The total process time of the microwave-assisted sintering was
notably less than conventional sintering, and the peak tempera-
ture was 150 to 200 °C lower. In 17-4PH stainless steel powder,
microwave-assisted sintering was demonstrated to produce sig-
nificantly better mechanical properties than conventional
sintering. Measurements of the hardness distribution within the
sintered specimen described the gradient of the mechanical prop-
erties of the microwave-sintered components. This study high-
lights why PM 17-4PH stainless steels should be produced using
microwave-assisted sintering.

Keywords Microwave-assisted sintering - Powder injection
moulding - Heating rate - Gradient in mechanical properties -
17-4PH
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School of Civil Engineering and Architecture, Southwest University
of Science and Technology, Mianyang 621010, China

School of Mechanics and Engineering, Southwest Jiaotong
University, Chengdu 610031, China

UBFC, Department of Applied Mechanics, Femto-ST Institute,
Besangon, 24 Rue de I’Epitaphe, 25030 Besangon, France

1 Introduction

17-4PH stainless steel is a type of martensitic precipitation-
hardened material with high-performance mechanical proper-
ties [1]. Via heat treatment, high yield strengths of up to
1300 MPa can be achieved. With its excellent corrosion resis-
tance, this versatile material is widely used in the aerospace,
chemical, petrochemical, food processing, nuclear and general
metalworking industries. Most studies related to the sintering
of 17-4PH stainless steel have investigated conventional resis-
tive heating (CRH); for example, Ye et al. [2] investigated the
densification behaviour of this material at 650—-1050 °C. Sung
et al. investigated the effect of sintering kinetics by tensile
testing micropowder injection moulding (PIM) 17-4PH spec-
imens and specifically tested the influence of the cooling stage
on the microstructural, tensile and fatigue properties. The re-
sults were compared with conventionally produced 17-4PH
products [3]. The combination of 17-4PH stainless steel pow-
der with a rubber binder provides increased mechanical prop-
erties of the sintered specimens. The optimal heating rate of
5 °C/min during sintering results in a greater density, greater
tensile strength, less porosity and a more homogenous grain
shape morphology [4].

17-4PH powders have been used in powder injection mould-
ing, which is a type of the powder metallurgy, to create fully
dense or porous components with functional properties. For ex-
ample, Mutlu and Oktay [5] successfully used the space holder
technique and CRH sintering to produce highly porous 17-4PH
stainless steel with porosities between 39 and 82%. Suri et al. [6]
performed Charpy V-notch impact tests on full-sized and small
specimens to describe the impact properties of sintered and
wrought 17-4PH stainless steel. Simchi et al. [7] experimented
with a bilayer structure and discovered that the strain rate of 17-
4PH was greater than 316L during sintering. Imgrund et al. [8]
also produced magnetic-non-magnetic bimetals made from

@ Springer
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316L/17-4PH and 316L/Fe powders using micrometal injection
moulding and the CRH sintering process.

Microwave (MW) heating results from the absorption of
the energy transported from an oscillating electromagnetic
field [9]. This absorption manifests as molecular vibrations
(i.e., rotating electric dipole/dipole reorientations) and ionic
conduction in the sintered materials. The absorbed energy is
transformed into heat, which sinters the powdered material. At
low temperatures, the metal powder exhibits poor coupling
with the microwaves [10]. The MW-assisted sintering is a
process in which the sintered material absorbs the electromag-
netic energy from microwaves. The furnaces that are typically
used for MW-assisted sintering operate at a frequency of
2.45 GHz, while the reported tests were measured at greater
than 8.0 GHz. The primary advantages of MW-assisted
sintering are detailed as follows: rapid densification kinetics,
reducing the required time and energy, rapid internal heating
[11], lower peak temperature [12], finer microstructures and
improved mechanical properties [13]. To apply MW-assisted
sintering, many studies investigated different powder mate-
rials. Chockalingam et al. have investigated the phase trans-
formation, microstructure and mechanical properties of two
MWe-assisted sintering materials: silicon nitride (SizN4) with
lithium yttrium oxide (LiYO,) and zirconia (ZrO,) sintering
additives [14] and B-SiAION-ZrO, composites [15]. Bykov
et al. [16] investigated the influence of MW heating on mass
transport phenomena and phase transformations in nanostruc-
tured ceramic materials. Chandrasekaran et al. [17] conducted
MW heating and melting of lead, tin, aluminium and copper
with a silicon carbide susceptor. Srinath et al. [18] illustrated a
novel method to join bulk metallic materials with high thermal
conductivities, such as copper, using MW heating. Panda et al.
[19] compared the effect of the heating mode on the densifi-
cation, microstructure, strength and hardness of austenitic
(316L) and ferritic (434 L) stainless steels. The advantages
of MW-assisted sintering were all confirmed in these studies.

For the magnetic induction of sintered powder in microwave
heating, not all the metallic materials interact with the magnetic
fields. The non-ferrous metals, as well as some stainless steels in
austenitic structures, are not inducible to magnetics. However, 17-
4PH stainless steel is a magnetic inducible material. Only one
study that investigated the MW processing of 17-4PH stainless
steel powder was found in the literature. That study was a prelim-
inary investigation performed by Bose et al. [20], and the results
indicated that MW-assisted sintering did not improve the mechan-
ical properties of the 17-4PH stainless steel compared to CRH
sintering. Thus, more research must be performed regarding the
properties of 17-4PH stainless steel using MW-assisted sintering.

In common practice, the MW sinterability of a material is
determined from many factors; the dominant factors are the
sintering process’ parameters, which include the sintering tem-
perature, the holding time, the heating rate and the pre-sintering
stage [21]. The sintering atmosphere also has an important

@ Springer

impact on the corrosion behaviour and mechanical properties
of the resulting material. Stainless steel powders should be
sintered in hydrogen or argon atmospheres with low dew points
or in a vacuum to reduce oxidation [22]. The particle size of the
powder is also an important factor; powders with smaller parti-
cles produce denser materials with higher performance mechan-
ical properties [23]. Some recent studies using compact 316L
stainless samples have illustrated the effects of the heating rate
used in microwave-assisted sintering on the densification, tensile
strength and elongation of the sintered results [23]. The use of
finer stainless steel powders improves the physical and mechan-
ical properties of the samples sintered using both methods [23].

The authors established a complete frame of simulation for
MWe-assisted sintering using COMSOL software that included
heat generation in the powder due to the microwaves and the
densification of the sintered components [24]. This simulation
frame was built using test data: the multi-physics modelling and
simulation of MW heating [25], the simulation of the heat trans-
fer in the sintered body and the sintering behaviours described in
a previous study [26]. The constitutive law for sintering stainless
steel powders could be integrated using COMSOL through the
User subroutine; however, this subroutine does not consider the
electromagnetic properties of stainless steel powders at different
temperatures or at different relative densities. The measurement
of the complex permittivity and permeability on magnetic stain-
less steel powder is also required within the filler of the MW
absorber composite. This measurement, however, does not accu-
rately describe the MW-assisted sintering of nearly pure stainless
steel powder after debinding [27]. A measurement was taken
based on barium and strontium ferrite powders, but the frequency
used was markedly greater than the frequency used in the furnace
for MW-assisted sintering [28].

To better understand the sintering properties of 17-4PH stain-
less steel, this study examined the densification and the micro-
structure evolution of 17-4PH stainless steel powder produced
using MW-assisted sintering. The injected specimens were sub-
jected to 2.45 GHz microwaves in a multi-mode furnace, and the
effects of different processing factors during sintering were in-
vestigated. After solid-state sintering, the evolution of the micro-
structure, the densification and the mechanical response of
sintered specimens were studied by analysing the Vickers hard-
ness and ultimate tensile stress. A comparison of materials pro-
duced using MW-assisted sintering and the CRH process was
also performed.

2 Experimental procedure
2.1 Materials
The experimental specimens were made of water-atomized

commercial AISI 17-4PH stainless steel powder with an aver-
age particle size of 11 um. The water-atomized particles had
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irregular shapes. The chemical composition of the 17-4PH
stainless steel used in this study is shown in Table 1 and was
based on standard AIS1630.

2.2 Process description of debinding and sintering stages

In this study, the green portions of the 17-4PH stainless steel
powders were prepared via several processes before MW-
assisted sintering. The stainless steel powders were first mixed
with wax-based thermoplastic binders based on the appropri-
ate polymer—powder formulations that were optimized by
Kong et al. [29] and were then formed with injection mould-
ing equipment. The density of the green portions was approx-
imately 5.05 g/cm?®, which was 64% of the density of pure 17-
4PH stainless steel (7.89 g/em?).

The binder in the injected specimen was almost completely
removed during the two debinding stages using sequential
solvent and thermal methods [30, 31]. Before sintering,
binders were debound in an argon atmosphere to prevent ox-
idation. An electric thermal debinding oven was used. The
first stage was to remove the water vapour held within the
powder. The injected components were thus heated from 20
to 130 °C at a heating rate 55 °C/h; this temperature is lower
than the decomposition temperature of the paraffin wax. Then,
the temperature was increased up to 220 °C at a slower heating
rate of 4.5 °C/h to remove the paraffin wax. The specimens
were then cooled for 2 h to the ambient temperature. This
debinding cycle was also used by Quinard et al. [30] when
studying PIM feedstock with 316L stainless steel powder
(mean particle size = 3.4 um) to investigate the
microcomponents. In powder metallurgy, finer starting pow-
der particles are known to have better sinterability and, there-
fore, tend to achieve relatively greater sintered densities.
During the debinding process, the weight of the specimens
was reduced by 6.3%. This preliminary debinding stage was
necessary to prevent cracking in the next sintering stage [31].

The research of Quinard et al. [30], who investigated the
CRH sintering of 316L stainless steel, was used as a reference
for the experimental set-up used in this study. The heating
processes included three steps. First, the specimens were heat-
ed to 600 °C and held at that temperature for 30 min to
completely remove the remaining binder components. Then,
the temperature was increased to 900 °C and held again for
30 min. Finally, the temperature was increased to the peak
value of the prescribed test and then held again for 10 min.
It was expected that during the heating process, the residual

binder would continue to decompose, leading to a decrease in
weight. The weight gain during sintering with an increase in
the temperature implied that some reactions in addition to the
decomposition of the residual binder had occurred during
sintering.

The schematic illustration of all of the steps (i.e., from
powder particles to sintered parts) is shown in Fig. 1. The
experiments in this paper show that the pre-sintered specimens
of the compacted 17-4PH stainless steel powder possess the
necessary initial stiffness for the beginning of the sintering
process. The final sintering stage is represented by two possi-
ble methods: CRH or MW-assisted sintering.

A high-temperature microwave laboratory system
(HAMilab-V1500, 2.45 GHz) was used in this study,
based on a multi-mode microwave cavity. The continu-
ously adjustable microwave power varied from 0.2 to
1.35 kW. The maximum working temperature was
1600 °C, and the maximum heating rate could exceed
50 °C/min. The surface temperature of the specimen was
continuously measured using a high accuracy Raytek IR py-
rometer from an exterior cavity window. The IR sensor detects
the temperature from 600 to 1600 °C, and the temperature
accuracy is approximately +0.5%. The precision of the mea-
surement is subject to many factors, including the sample size
and its surface quality, the emissivity according to the material
composition, the sample IR pyrometer alignment, the varia-
tion of emissivity with temperature, etc. The pyrometer mea-
sures the radiant energy from the sample surface and deter-
mines the temperature based on a preset emissivity. The tem-
perature measurements for all the compacted powder speci-
mens were made based on the preset emissivity of steel (0.35)
[32]. The MW heating behaviour of metal powder compact is
influenced by a few factors, including the design of the MW
cavity, the physic properties of the materials, the number of
samples and their position in the cavity, etc. A flat SiC was
placed under the compacted powder, and certain chopped
susceptors were placed around the powder based on the re-
search by Kim-Hak et al. [33].

To study the densification behaviour at different heating
modes, the same debound components were also sintered
using CRH in a vertical SETSYS® SETARAM evolution
analyser. The dilatometer sintering CRH tests, in an analyser,
have been performed in a primary vacuum of approximately
10 mbar. The MW-assisted sintering tests were performed in
argon atmosphere due to the atmosphere control of the micro-
wave laboratory system.

Table 1 Chemical composition ]
of 17-4PH stainless steel (wt%) Fe Ni Cr

C Cu Nb Mn S P Si

71.8-73.8 3.0-35

15.5-17.5

<0.07 3.0-5.0 0.45 <1.0 <0.03 <0.04 <1.0
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258 2.3 Sizes of the specimens after being injected, debound
259  and undergoing MW-assisted sintering

260  The sizes of the specimens after being injected, debound and
261  undergoing MW-assisted sintering were measured and com-
262  pared, as shown in Fig. 2, and exhibit marked shrinkages after
263  sintering (e.g., approximately 15% along the x-direction).
264 2.4 Material characterization of the sintered specimens
265  To evaluate the results of the sintering process, certain mea-
266  surements and observations were performed and analysed.
267  The shrinkage of the sintered specimens was measured using
268  callipers, and the bulk densities of the specimens were tested
269  using Archimedes’ principle. For the measurements, the sam-
270  ples were immersed into an ethanol-based liquid; then, two
271 sets of sintered samples that had been sintered under the same
272 sintering conditions were wet-polished using a manual polish-
273 er. One set was used to measure the hardness distribution in
274 the sintered body; the polished section was in the middle plane
275  of the sintered component with nearly half of the body re-
276 moved. The other set was used to observe and analyse the
277  material’s microstructures; the polished section was near the
278  exterior surface, and only a thin layer of the sintered material
279  was removed to expose and prepare this section. The

—— X

Debound Sintered

Injected

O o - o

Fig. 2 Size comparison after injection moulding, thermal debinding and
MW-assisted sintering of 17-4PH stainless steel powder specimens
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distribution of the Vickers bulk hardness in the middle section
of the sintered body was measured at nine locations arranged
equidistantly along two perpendicular directions (i.e., x and y).
The measurements were performed using a 5-kg load and a
10-s duration. To obtain reliable measurements, the hardness
at each location was recorded as the average of five readings
near the location on the prepared section of the middle plane.

For clear observations, the observed areas of the specimens
were polished and chemically etched. Metallographic process-
es were used in the microstructural analyses, and a 4% nitric
acid solution and alcohol were used to etch the polished sur-
face. Next, an optical microscope was used to observe the
microstructure of the polished and chemically etched speci-
men surfaces.

3 Results and discussion
3.1 Important factors in the MW-assisted sintering process
3.1.1 Peak sintering temperature

The optimal peak temperature of the MW-assisted sintering of
the 17-4PH stainless steel powder is expected to be less than
the peak temperature of CRH sintering. To determine the ef-
fect of the peak temperature on the sintering results, tests were
performed at different peak temperatures, while other process-
ing factors remained the same. Therefore, any variation in the
results was affected only by the change in the peak tempera-
ture. The debinding and pre-sintering kinetics have been de-
scribed in paragraph 1.2. The same heating rate of 5 °C/min
was used, and the specimen was held at the peak temperature
for 10 min in all test processes, and the results produced by the
different peak temperatures are shown in Table 2.

Table 2 shows that a suitable peak temperature will result in
optimized results. For the MW-assisted sintering of the 17-
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Table2 Comparison of the shrinkages along the x-direction (shown in
Fig. 2), the relative densities and the Vickers hardnesses

Peak temperature  Size shrinkage Relative density Vickers hardness

Q) (%) (%) HV)

1100 567+05 726 +0.11 173 £3
1140 1029 04  90.5 +0.06 280 + 4
1150 12.47 +£0.08  90.9 + 0.04 311 +2
1160 998+02  86.7 +0.07 235 +3
1200 8.12+0.15 81.2+0.05 267 +2

The values were obtained from specimens sintered at different peak tem-
peratures. All processes used a heating rate of 5 °C/min, and the specimen
was held at the peak temperature for 10 min

4PH stainless steel powder, the optimal peak temperature is
shown to be 1150 °C, which results in a greater sintered den-
sity and better mechanical properties. This increase in the
relative density may be caused by the decrease in the number
of pores within the material, and the decline in the relative
density with a peak sintering temperature greater than
1150 °C may be caused by the non-uniformity of the grain
growth within the material, which increases the material’s
open porosity [34].

3.1.2 Holding time

In the second tests, all samples were sintered to the same peak
temperature of 1150 °C, which was the optimal peak temper-
ature determined by the first tests. The durations of the holding
time at the peak temperature were changed for each of these
tests, while other processing factors were held constant to
exclude the effects of other factors. Under this condition, the
sintering results for different holding times are shown in
Table 3.

The results shown in Table 3 indicate that an optimal
heating duration exists for the peak temperature in MW-
assisted sintering. With 17-4PH stainless steel powder, a hold-
ing time of 10 min is shown to produce the greatest density
and best mechanical properties. With CRH sintering, an opti-
mal holding duration also exists. Shorter holding times are
shown to be insufficient for proper densification, while longer
durations may lead to grain coarsening [29].

3.1.3 Heating rate

For the third group of the tests, the heating rates were varied.
The optimal peak temperature (1150 °C) and holding time
(10 min) identified earlier were used as the optimal values
determined by two previous sets of tests. To investigate the
effects of the heating rate in detail, the specimens were heated
directly to the peak temperature from the ambient temperature
and were held there for 10 min. The heating rates were set at
different values in different tests, and the results of the MW-

assisted sintering for different heating rates are shown in
Table 4.

From the results in Table 4, a heating rate of 50 °C/min
damaged the specimen; thus, a heating rate that is too high can
produce an uneven temperature distribution within the mate-
rial and can lead to the distortion or collapse of the material. A
heating rate of 30 °C/min was shown to be optimal for the
MW-assisted sintering of 17-4PH stainless steel. Based on
reference [23], different shrinkage rates and different physical
properties are the results of different porosities in MW-
sintered samples. The porosity depends on the heating rate;
thus, it is reasonable that the shrinkage, the relative density
and the Vickers hardness also depend on the heating rate. Ata
heating rate of 30 °C/min during the MW-assisted sintering of
17-4PH stainless steel powders, the lowest porosity was ob-
tained, resulting in a greater density and a greater hardness in
the sintered specimens.

3.1.4 Pre-sintering temperature

Based on the above-mentioned results, specimens were heated
to the peak temperature of 1150 °C at a heating rate of
30 °C/min and were then held at the peak temperature for
10 min. Then, the pre-sintering stage of the sintering process
was analysed. Before the formal sintering stage, the specimens
were heated to a pre-sintering temperature and then held for
30 min. The results for different pre-sintering temperatures are
shown in Table 5. A test without pre-sintering was also per-
formed for comparison with the other processes.

In Table 5, the best result was obtained by the process without
the pre-sintering stage. If pre-sintering is necessary to obtain a
given initial stiffness, a lower temperature should be used to
produce a better quality material. The primary role of pre-
sintering is to provide an initial stiffness for the initial stage of
sintering. In some case, rapid heating induces inhomogeneities in
the temperature; thus, the sintered specimen requires a given
initial strength to prevent distortion or damage when sintering
begins. Pre-sintering is thus unnecessary and provides no bene-
ficial effect.

Table 3  Comparison of the shrinkages along the x-direction (Fig. 2),
the relative densities and the Vickers hardnesses

Holding time  Size shrinkage Relative density ~Vickers hardness
(min) (%) (%) (HV)

5 88103 85.9 £ 0.08 238 + 1

10 12.47 £ 0.1 90.9 = 0.03 311 +£2

15 832+ 025 84.6+0.1 253 +£2

20 8.19 + 04 83.4+0.14 277 £3

The values were obtained from the specimens sintered using MW with
different holding times for the same peak temperature. All processes used
a heating rate of 5 °C/min, and all specimens were sintered at the same
peak temperature of 1150 °C
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Table 4 Comparison of the shrinkages along the x-direction (Fig. 2),
the relative densities and the Vickers hardnesses

Heating rate (°C/ Size shrinkage Relative density Vickers hardness

min) (%) (%) HV)
10 11.11 £ 0.33 92 +£0.15 227 +£2
20 15.15 £ 0.15 95 +0.08 299 +£2
30 16.11 £ 0.07  96.6 + 0.05 316 £ 1
40 1490 + 0.55 93.6 £0.20 231 +5
50 Specimen damaged

The values were obtained from specimens sintered using MW at different
heating rates. All processes sintered the material at the same peak tem-
perature of 1150 °C, and the material was held at the peak temperature for
10 min

A conclusion can be drawn from the facts mentioned in
Sect. 2: The optimal choice for the MW-assisted sintering
process for a compacted specimen of 17-4PH stainless steel
powder with a powder size near 11 um is shown in Fig. 3.

3.2 Microstructure

Sintered metal injection moulding (MIM) parts are expected
to have some residual porosity and typically have densities
ranging from 95 to 99% of the theoretical density. A finer
starting powder particle size is observed, in general, to result
in finer pores.

The microstructures of the sintered materials in this study
have been observed using optical microscope. The sintering
stage was interrupted at different temperatures from 950 to
1150 °C and left to cool to allow observation of the corre-
sponding microstructures. When the peak temperature was
achieved, a holding time of 10 min was maintained. The evo-
lution of the micrographs from powders to the sintered mate-
rial is shown in Fig. 4a—f.

Figure 4 shows the evolution of the particle crystallization.
When sintered to 950 °C, the material just began the sintering

Table 5 Comparison of the shrinkages along the x-direction (Fig. 2),
the relative densities and the Vickers hardnesses

Pre-sintering Size Relative Vickers
temperature (°C) shrinkage density (%) hardness (HV)
(%)
900 933 £ 045 83.7+0.04 182 £2
600 10.12 £ 0.55 87.8 £0.13 190 £2
400 12.15 +0.35 89.9 £0.08 207 £3
270 13.94 £ 0.08 93.4 £0.10 274 £ 1
No pre-sintering stage 16.11 =£0.10 96.6 £+ 0.05 316 £2

The values were obtained from the specimen sintered using MW at dif-
ferent pre-sintering temperature. For all processes, the specimen was
heated at the same heating rate of 30 °C/min up to the same peak tem-
perature of 1150 °C and held at the peak temperature for 10 min
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process. The samples are shown to be porous and be com-
posed of small grains. As the sintering temperature increased,
the number of pores decreased, and the rate of grain growth
markedly increased. From Fig. 4d, f, marked grain growth is
shown; most of the larger pores are located at the grain bound-
ary. This phenomenon is favourable for the evacuation of gas
entrapped in the porous powder compact and for the densifi-
cation process. When the temperature reached 1150 °C
(Fig. 41), relatively larger pores that were not particularly uni-
formly distributed were nearly eliminated; this phenomenon
relates well to the mechanical properties of the final samples.

3.3 Distribution of the Vickers hardness

During MW processing, heat is produced inside the bulk ma-
terial and sent out via radiation and convection from the outer
surfaces of the specimens; thus, a thermal gradient occurs.
During the MW heating of the sintering process, the temper-
ature in the core is generally greater than the temperature on
the surface. The outer surface at different positions on the
specimen is, thus, subjected to different temperatures due to
the irregular shape of the sintered body. The sintered material
closer to the centroid becomes denser and generally exhibits
better mechanical properties; this phenomenon can be demon-
strated by detection of the hardness distribution over the
polished cross section of the specimen.

The hardness distribution on a plane section was measured
using a specialized procedure. A cross section near the middle
plane of the specimen was prepared. On the polished section
plane, nine small areas were arranged along the horizontal and
vertical axes, as shown in the legend in the top right corner of
Figs. 5 and 6. These areas were labelled in sequence from x1
to x5 and from yl1 to y5. In each small area, five spots were
tested. The average value of the five test results was recorded
as the formal hardness of the small area.

As expected, the experimental results in Figs. 5 and 6 dem-
onstrate the nature of MW-assisted sintering. The values at
symmetrical positions (e.g., left and right or up and down)
are shown to not be symmetric. The asymmetry in the values
of the Vickers hardness was induced via hybrid MW-assisted
sintering. For example, points y4 and y5 in the lower half were
closer to the susceptor than points y2 and y1 in the upper half.
Their closer location relative to the assisted heating SiC ma-
terial resulted in greater heating rates and greater Vickers hard-
ness values. It appears reasonable to claim that the contribu-
tion of the magnetic field is more important than the contribu-
tion of the electric field. However, the main contribution to the
sample heating is due to the infrared radiation of the SiC
susceptors. The SiC screens partially block the electromagnet-
ic fields. The SiC susceptors play an auxiliary role in micro-
wave heating. The physical properties of 17-4PH stainless
steel powder are not sufficient to provide coupling with the
electromagnetic field at a low temperature. The impact by
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Fig. 3 Optimal process proposed
for the MW-assisted sintering of

Final properties:

specimens made of compacted
17-4PH stainless steel powder

Preparing feedstock:

Size shrinkage: 16.11%; Relative density: 96.6%;
Vickers-hardness: 316 V

steel powder with wax-

based binders

mixing 17-4PH stainless I

MW sintering:
Natural cooling

Heating rate

Injection molding: 30°C/min

get the green part with Ambient 1150°C
Ralative:densicy ::64%0 temperature holding 10 min

Thermal debinding:
4.5C/hour  55°C/hour cooled for Amsbient
| 2 hours
20C 130C 220°C temperature

microwave directly on the heating of the powder is very dif-
ficult due to the departure from a cold state. However, the

Fig. 4 Micrographs of the
microstructure evolution for the
MWe-assisted sintering of the 17-
4PH stainless steel powder
observed using optical
microscope: M W-assisted
sintering at a 950 °C, b 1000 °C, ¢
1050 °C, d 1100 °C, e 1140 °C, f
1150 °C and held for 10 min

property of powder compact can be altered by increasing the
temperature. The effective heating of the test sample occurs
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Fig. 5 Vickers hardness values
for each small area along the
horizontal direction

330

320
310

300

Vickers hardness (HV)

x1

after the pre-heating or auxiliary heating using the SiC
susceptors, when its properties become sufficient to provide
a strong induction at a relatively higher temperature. Then, the
effective heating is produced inside the powder impact for the
true sintering process. As an auxiliary heating source, the SiC
susceptors play another role to homogenize the temperature in
the furnace cavity.

The difference in the hardness values among these small
areas is approximately 20 to 30 Vickers units within such a
small area. The gradient of the mechanical properties is also
known to be significant in the sintered bodies; this phenome-
non is caused by the rapid heating that occurs during the MW-
assisted sintering due to the heat produced within the material.
However, there is no available method that can slow the opti-
mal heating rate; lower heating rates result in worse sintering
qualities due to grain coarsening. This is an important fact that
is demonstrated in the experimental results above. Thus, the
gradient of the mechanical properties in the sintered bodies
can be considered to be commonly produced by MW-assisted
sintering and represents an important phenomenon to study
the relationship between the evolution of the temperature gra-
dient and the gradient of the mechanical properties in the

Fig. 6 Vickers hardness values
for each small area along the
vertical direction

330
320
310

300

Vickers hardness (HV)

vl
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sintered products. The prediction of gradient in the mechani-
cal properties shows its potential value in studies of function-
ally graded materials. Further research on the modelling and
simulation of these property gradients in MW-assisted
sintering bodies should be performed.

None of the MW-sintered specimens in this study exhibited
visually observable distortions. Because the shape of the stud-
ied specimens was not sensitive to distortion and because no
precise measurement was applied to their geometries, this
conclusion is just an estimate. The influence of the tempera-
ture gradient on the shape of the distortion of sintered bodies
should be determined using specially designed specimens
with precise measurement of their geometries.

3.4 Comparison with conventional sintering

3.4.1 Sintering of 17-4PH stainless steel using conventional
sintering (CRH)

To study and compare the densification behaviours of the
different sintering processes described in this study, the same
debound components were sintered using CRH sintering in a

M B &b

MW assisted sintering
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vertical SETSYS® SETARAM evolution analyses. These
specimens were heated to a peak temperature of 1350 °C at
heating rates of 5, 10, 20 and 30 °C/min and then were held for
2 h. Based on the process proposed by Song [26], the temper-
ature was held for 30 min when it reached 600 and 900 °C to
ensure the homogenization of the temperature in the sintered
bodies. The evolutions of the shrinkages and the shrinkage
rates versus the temperature are shown in Fig. 7.

3.4.2 Comparison of MW and CRH sintering

Based on the conclusion results in Sect. 2.1.4, two tests were
used for comparison. For the CRH sintering, the specimens
were heated to 1350 °C at a heating rate of 5 °C/min and held
at this temperature for 2 h. During the heating process, the
temperature was held for 30 min when it reached 600 and
900 °C, respectively. For MW-assisted sintering, specimens
were heated directly to 1150 °C at a heating rate of
30 °C/min and held at this temperature for 10 min. These test
parameters were optimal, as determined above.

Table 6 shows the following: (1) The sintering of
compacted 17-4PH stainless steel powder in an MW furnace
reduces the required processing time by 90%; (2) the optimal
peak temperature for the MW-assisted sintering is between
150 and 200 °C less than the optimal temperature for the
CRH sintering; and (3) the achieved shrinkage, relative den-
sity and hardness of the MW-sintered materials are greater
than the properties obtained using the CRH sintering accord-
ing to a dilatometer. Similar results were obtained by
Charmond [12], whose study showed that MW-sintered spec-
imens in Y-tetragonal zirconia polycrystal powder exhibited a
greater final density than the CRH-sintered specimens at the
same temperature. A reasonable interpretation of the positive
effect of the MW on the densification of the powder materials
is the non-thermal effects of the microwaves, which are in-
duced by high-frequency electromagnetic fields.

During a conventional sintering process, a high heating rate
results in a thermal gradient within the compacts followed by a

distortion and inhomogeneous microstructure in the sintered
bodies. A slower heating rate was applied when using the
isothermal holdings to achieve a stepwise variation of the
temperatures. This represents a longer process time and great-
er cost and provides more cause for grain coarsening in the
sintered compact. In microwave-assisted sintering, micro-
waves interact directly with the individual particles in powder
compacts. This process provides rapid heating in a volumetric
manner inside the sintered compact, which, therefore, restricts
the generation of grain coarsening.

Compared to CRH sintering, MW-assisted sintering has
different sintering mechanisms, such as the enhancement of
the diffusion coefficient [35] and the eddy current for metals
[36]. Therefore, it is reasonable that the peak temperature re-
quired for MW sintering is lower than for CRH sintering.

The final microstructures of the 17-4PH stainless steel
sintered using CRH sintering and MW-assisted sintering with
optimal process parameters are shown in Fig. 8a, b. The grain
boundaries in both the conventional and microwave-sintered
specimens are not obvious. It appears that the grains finally
blend together, with some residual porosity inside. The MW-
assisted sintering is fast with a high heating rate and resulted in
a more homogeneous microstructure with lower porosities. In
MWe-assisted sintering for sintering a 17-4PH stainless steel, a
final temperature of 1150 °C appears to result in the most
homogeneous microstructure. This temperature results in the
lowest pore fraction, smallest average pore size and most
spherical pore shape in the specimen sintered using MW
sintering, as seen in Fig. 8a, b. Compared to the specimen
sintered using MW-assisted sintering, it is clear that many
more and larger gas pores are present in the specimen sintered
using CRH sintering; this phenomenon is caused by the
heating characteristics of CRH sintering, where heat is con-
ducted from the outer surface into the core of the specimen.
This direction of heat conduction is opposite to the outward
gas exhaust. The outer layer of the powder is, thus, easier to
sinter and closes its pores earlier in the sintering process, and
the outer layer obstructs the paths of gas exhausting from the

Fig. 7 Shrinkage and shrinkage
rate versus temperature during the
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Table 6 Comparison of the
sintering time, peak temperature Sintering Sintering time Peak temperature  Size shrinkage ~ Relative Vickers hardness
and final properties of the sintered ~ mode (min) (°C) (%) density (%) (HV)
specimens obtained using CRH
and MW-assisted smtenng CRH 445 1350 14.95 £ 0.15 95.2 £0.08 284 £ 2
MW 48 1150 16.11 + 0.10 96.6 + 0.05 316 £2

inside the material. Some gas remains inside the specimen,
which then forms large pores. Compacted powder heated by
microwaves is more homogeneous in its microstructure, de-
spite the high heating rate it experiences. This phenomenon,
thus, exemplifies the advantage of volumetric heating provid-
ed by microwaves. This illustrates why specimens produced
by MW-assisted sintering exhibit greater densities, a more
homogeneous microstructure, better surface qualities and bet-
ter mechanical properties.

3.4.3 Mechanical behaviours (Vickers hardness, ultimate
tensile stress) of MW and CRH sintering and comparison
with MPIF standard tests

High-strength metallic materials are typically very sensitive to
small defects that locally give rise to stress concentrations.
The comparison of mechanical behaviours of 17-4PH as a
bulk and sintered material is described in Table 7. The influ-
ence of the mechanical properties on the initial particle size of
the 17-4PH stainless steel sintered using CRH sintering at
room temperature has been recently studied by Seerane et al.
[37]. In our case, for the same mean size powders, the best
hardness was obtained at 284 + 2 HV, which corresponds to
95.2% of the relative density and is nearly equivalent to
280 HV and 97.5% of the relative density, which corresponds
to the mechanical result by Seerane et al. [37]. Figure 9 sum-
marizes the measured mechanical properties of the sintered
parts and the respective as-sintered 17-4PH stainless steel
minimum MPIF standard 35 specifications (MPIF, 2007).
However, for a comparison of the Vickers hardness, using
MWe-assisted sintering, the minimum standard value has been
obtained for all directions, as seen in Figs. 5 and 6. In the case

(b) MW assisted sintering

Fig. 8 Micrographs of the microstructures obtained from the specimens
sintered using CRH sintering (a) and MW-assisted sintering (b)
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of the best parameters, at position x5, the high value corre-
sponding to 320 + 5 HV is largely superior compared to the
standard MPIF value (280 + 5 HV), as seen in Fig. 9a.

A correlation between the evolution of the hardness and the
tensile strength is in agreement with the findings by Gulsoy
et al. [38], and this relationship is also known to be common
[39, 40]. The ultimate tensile stress value, using MW-assisted
sintering, was approximately 940 MPa, as seen in Fig. 9b.
This value is superior to the MPIF requirement [41] corre-
sponding to a minimal value of 800 MPa.

The hardness and ultimate tensile stress compared to the
standard MPIF values validate the 17-4PH material properties
using the MIM and MW-assisted sintering process [37], as
seen in Fig. 9a, b.

4 Conclusions

Metal injection moulding of specimens using PM 17-4PH stain-
less steels was successfully consolidated to nearly full density
using MW-assisted sintering. The experiments in this study were
performed in a microwave laboratory system with a multi-mode
cavity. The optimal heating cycle was determined from the ex-
perimental results, and the optimal result was obtained by heating
directly from ambient temperature to 1150 °C at a heating rate of
30 °C/min and then holding the specimen at the peak temperature
for 10 min. The specimen with the greatest density (96.6%) and
best mechanical properties (Vickers hardness = 316 V, ultimate
tensile stress = 940 MPa) was achieved using these optimal
parameters. The sintered density obtained in this study was
96.6%, which is not high enough to be nearly full density. The
measured mechanical properties of the sintered parts using the
MWe-assisted sintering and the respective as-sintered 17-4PH
stainless steel minimum standard MPIF specifications [39]

Table 7 Comparison of the mechanical properties of the 17-4PH
stainless steel at room temperature for the bulk and the sintered material

Tensile Yield Elongation Vickers hardness Reference
strength strength (%) (k gf/mm2 )
(MPa) (MPa)
1030 983 21 352 [42]
800 284 [41]
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(b)
Ultimate tensile stress (MPa)
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Best MV assisted sintering
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(39]

CRH sintering
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(39]

Fig. 9 The as-sintered MIM parts using CRH and MW-assisted sintering processes compared with MPIF standard 35 (Material Standard for a Metal
Injection Moulded Part): a Vickers hardness and b the ultimate tensile stress

validate the PIM process and demonstrate the efficient and inno-
vative MW sintering.

In this study, the results of observations and tests were
different from results reported by Bose et al. [20]. The
sintering of 17-4PH stainless steel powder using MW heating
exhibited short processing times, requiring only 10% of the
conventional sintering time to obtain better results, and lower
peak temperatures (150 to 200 °C lower than the temperatures
used in CRH sintering). Despite the high heating rates, the
specimens did not show observable distortions or cracking,
which demonstrates the important advantage of volumetric
heating using MW. This illustrates why specimens produced
using MW-assisted sintering also result in materials with a
greater densification, a more homogeneous microstructure,
better surface qualities and better mechanical properties.
When a greater density is produced, sintering using MW
heating also results in more shrinkage.

Sintering using MW heating also results in a marked gra-
dient in the mechanical properties of the sintered material; this
phenomenon is induced by the rapid internal heating and the
other physical effects that are induced by microwaves. Studies
of this phenomenon should continue to define and describe the
applications of MW-assisted sintering products.

Microwave-assisted sintering generally results in fast sintering
and more homogeneous microstructures. Evidently, this explana-
tion is not complete. More complicated physical phenomena are

still being studied to provide precise explanations. Additionally,
modelling and simulating the generation of the gradient proper-
ties appear to be significant for future studies.
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