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ABSTRACT

In this study, samples of 420 stainless steel were obtained by hot pressing from powder at temperatures
from 1,100 to 1,200°C. The aim was to explore the influence of the processing temperature on their grain
size, microstructure, densification and mechanical properties. The results showed that it is possible to
produce dense samples at these sintering temperatures. The sintering temperature influenced the
density, grain size, structural phases, and hardness of the samples. Martensite and austenite were present
in the samples sintered at 1,100, 1,150, and 1,180°C. Precipitation of Cr,3Cs Was observed after sintering at
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1,200°C. This sample was the one with the highest density (99.7% densification) and hardness (771.9 HV).

Introduction

Martensitic stainless steels are characterized by high strength and
hardness and have been used in different fields such as: surgical
instruments, razor blades, bearings, the marine and aerospace
industries, plastic injection molds, among others."' > In particular,
martensitic stainless steels with a high chromium content (more
than 11 wt.%), such as 420 stainless steel, provide high mechanical
and corrosion properties.“’ﬂ The martensite structure is respon-
sible for the strength and hardness of this steel alloy, while the
chromium alloying element ensures its corrosion resistance.'® In
the annealed state, 420 stainless steel offers good ductility while
after quenching exhibits excellent strength and hardness.*'"!
Powder metallurgy is a near-net-shape manufacturing tech-
nique that consists of the consolidation of powders into
a predefined shape and that provides the metallurgy integrity
and mechanical resistance of the parts manufactured.!''~"*
Therefore, this manufacturing method is an alternative to con-
ventional processes such as casting, forging, or extrusion.’®'?!
Despite the higher costs of the metal powders necessary, in
relation to cast and wrought parts, the saving in post-
processing steps (machining operations) and scrap generation
makes powder metallurgy techniques very competitive.!'>~")
Among all the powder metallurgy techniques (compaction
step): injection molding, hot isostatic pressing, hot pressing,
extrusion, and rolling stand out.!">'*) The hot pressing techni-
que especially, characterized by the simultaneous application of
temperature and uniaxial pressure, makes it possible to obtain
high performance, well-consolidated components due to the
high densification (through the rearrangement and deformation
of particles) and, consequently, the low porosity that it confers to
the final parts.""®'”) Only one study about the hot pressing of 420

stainless steel may be found in the literature.'® In that study, the
microstructure, hardness, and uniaxial mechanical response of
a ball-milled 420 stainless steel powder sintered by hot pressing
were assessed. The 420 stainless steel powder was consolidated in
a graphite die at a temperature of 960°C by means of a pressure
of 60 MPa for 400 s. The hot-pressed material had a porosity of
0.7% and was formed by a martensitic lath structure, with
carbides at the grain boundaries. Barlow et al.!"® analyzed the
influence of the austenitising temperature (1,000-1,200°C) on
the as-quenched microstructure and mechanical properties of
two 420 stainless steels with 0.5 wt.% C and different content of
alloying elements. The authors concluded that the austenitising
temperature influences the martensite transformation range and
the retained austenite content. Therefore, the austenitising tem-
perature plays an important role in the mechanical behavior of
420 stainless steel by controlling the partitioning of the alloying
elements between the austenite and carbides.

The present study combines the knowledge available in the
literature to optimize the production of 420 stainless steel parts
by hot pressing. The aim is to analyze the influence of the
sintering temperature on the microstructure, grain size, frac-
ture surface, and hardness of hot-pressed 420 stainless steel.

Materials and methods
Powder

In this study, samples were produced using spherical 420
stainless steel powder supplied by Carpenter Additive
(United Kingdom). The chemical composition of this steel
alloy is presented in Table 1. The powder was analyzed by
scanning electron microscopy (SEM) by using Nano-SEM -
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Table 1. Chemical composition of 420 stainless steel powder (according to the
manufacturer).

Element C S P Fe 0 N Mn Cr
wt. % 0.22 0.004 0.015 0.02 0.09 029 13.5

Balance

FEI Nova 200 equipment and dynamic light scattering
(Mastersized 300, Malvern) (Fig. 1). The particles are spherical
with dso=19.6 um. The crystal phases were determined by
X-ray diffraction (xRD) using a PANalytical X’Pert PRO
MPD apparatus with Co-Ka 1. 89010 A (Fig. 2). The powder
is composed by martensite («’) and austenite (y).

Hot pressing

Four different 420 stainless steel samples (@ = 14 mm, t=3
mm) were produced by Hot Pressing (HP) at temperatures
from 1,100 to 1,200°C (75 and 83% of the melting temperature,
respectively), pressure of 50 MPa and dwell time of 30 min
(Table 2). The heating rate was 100°C/min.

The hot pressing was conducted using a vacuum pressure-
assisted sintering system (under a vacuum of 10~ mbar) with
a high-frequency induction furnace (schematic representation in
Fig. 3). The graphite die was positioned inside the chamber, where
both pressure and temperature were increased till reaching the
targeted values. These conditions were maintained during the
dwelling stage.

Characterization methods

The samples of the sintered 420 stainless steel were ana-
lyzed by SEM, electron dispersive spectroscopy (EDS)
(EDAX - Pegasus X4 M), XRD (PANalytical X’Pert PRO
MPD with Co Ka radiation) for the structural and phase
analyses, respectively.

The microstructure was assessed in different regions of
the samples, i.e. at the periphery, half distance between the
periphery and the center (3.5 mm from the periphery) and
at the center (7mm from the periphery). Prior to the
observations, the samples were polished using silicon car-
bide abrasive papers with successive grades till 4,000 mesh
and then cloth polished using 0.5 um diamond suspension.
After polishing, the samples were etched with Vilella’s
reagent for microstructural analysis. The samples were

@

Figure 1. 420 stainless steel powder: (a) SEM image and (b) particle size distribution.

etched for 10 s to reveal the grain size and 20 s for the
microstructure assessment. An optical microscope (ZEISS
Imager.Z2 m) was used for the observations. The grain size
was measured through the intercept technique and ten
measurements were taken for each case. The density of
the samples was determined by measuring their mass and
volume. The percentage of densification was inferred from
the theoretical and calculated density values.

The fracture surface was examined at the cross-section of
the samples by SEM analysis. The Vickers hardness was eval-
uated with a micro-hardness tester (model 4551, Shimadzu,
Quioto, Japan) with a maximum load of 2,000 gf. Seven inden-
tations (1 mm apart) were made in each sample (from the
periphery to the center) under an applied load of 100 gf and
a dwell time of 15 s. The average hardness of the samples was
evaluated from 10 indentations all over the surface with a load
of 1,000 gf and the same dwell time.

The uncertainty of the hardness measurements was calculated
according to EN ISO 6507-1:201 (procedure with bias). Five
HV2 indentations were performed (maximum load of the equip-
ment). The testing machine bias plus the expanded uncertainty
was 5.6HV2 and the bias was 4.2HV2. Five hardness tests on
a calibrated test block of steel with a hardness of 250 HV were
performed prior to hardness measurements of the samples. Two
scales were used, HV0.1 and HV1. The standard deviations of
the measurements were 2.7 HV (1%) for the lowest applied load
and 2.2 HV (0.9%) for the highest one.

Results and discussion
Grain size

Figure 4 shows the optical micrograph images of the four
samples sintered at different temperatures. Three different
areas were analyzed: periphery, halfway between the periphery
and the center and at the center. The corresponding grain size
was calculated, and the results are plotted in Fig. 5.

All the samples are quite dense, and no significant num-
ber of pores were detected. The joint analysis of Figs. 4 and
5 allows us to conclude that, as expected, an increase in the
temperature leads to an increase in the grain size. There is
a significant increase in the grain size for sintering tem-
peratures from 1,100 to 1,180°C due to the higher driving
force for the grain growth at higher temperatures (higher
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Figure 2. XRD of 420 stainless steel powder.

Table 2. Sample code and sintering parameters.

Sintering parameters

Sample Temperature Pressure Dwell time  Heating rate (°C/
code (°C) (MPa) (min.) min)
420SS_1,100 1,100 50 30 100
422SS_1,150 1,150 50 30 100
420SS_1,180 1,180 50 30 100
420SS_1,200 1,200 50 30 100

diffusivity) and dissolution of chromium carbides at the
grain boundaries. The grain size remained almost constant
between 1,180 and 1,200°C, which means that all the car-
bides were dissolved in the matrix up to 1,180°C. Moreover,
for the same sintering temperature coarser microstructures
were observed at the periphery of the samples. Heat trans-
mission takes place from the periphery to the center of the
samples, so that in the total sintering cycle the surface is at
a higher temperature than the center for a longer time. This
explains the results obtained.

420 stainless *
steel powder '

Thermocouple
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Microstructure

The optical micrographs of the microstructure of the samples
are shown in Fig. 6. Figure 7 presents the XRD patterns of the
samples after polishing.

The microstructures of the samples sintered at 1,100, 1,150
and 1,180°C consist mainly of martensite and small amounts
of retained austenite. The same microstructure was obtained
by Nachum et al. ® in a sample of the same steel hot-pressed
at 960°C. Compared to the 420 stainless steel powder, the
(111) and (200) peaks of the retained austenite (y) of the
samples are less intense which means a low amount of this
phase. For these samples, the peaks of the martensite phase
are shifted to the left (higher lattice parameters). This shift is
more significant for higher sintering temperatures. No peaks
of chromium carbides were detected by X-ray diffraction for
these sintering temperatures. For T =1,200°C there is
a notable change in the microstructure. The austenite peak
(111) is shifted to smaller diffraction angles and the opposite
happens for the (110) peak of the martensite. These results
can be discussed in terms of the phases existing at the
different maximum sintering temperatures. Thermodynamic
predictions (using the CALPHADTM model) for the equili-
brium phase diagrams show that a single austenite phase
should exist at the different sintering temperatures used in
this work."®! Therefore, during cooling, a transformation
from austenite to martensite should take place for high cool-
ing rates. This was confirmed in the present study. The
increase of the martensite lattice parameter observed for the
samples sintered from 1,100 to 1,180°C means a variation in
its chemical composition, probably due to the dissolution of
any possible chromium carbides existing in the raw powder.
The fact that they were not detected by X-ray diffraction does
not mean that they do not exist in small amounts in the
microstructure of the initial powder. Considering this
hypothesis, partial or total dissolution of these carbides
might have occurred at these sintering temperatures, with
the incorporation of carbon and chromium in the austenite
lattice and the consequent increase of the martensite lattice
parameters after cooling. However, this possible dissolution

PRESSING ‘

HEATING
Graphite
Graphite die punch
Controlling the process
Weighing of powder Filling the graphite die parameters (temperature,

pressure and time)

Figure 3. Schematic representation of the manufacturing process using the hot pressing technique.
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Figure 4. Optical micrograph images of the periphery, half-distance and center of the samples processed at 1,100, 1,150, 1,180 and 1,200°C
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Figure 5. Grain size along the radius of the samples processed at 1,100, 1,150, 1,180 and 1,200°C.
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Figure 6. Optical micrographs showing the microstructure of the sintered samples: (a) 420SS_1,100, (b) 420SS_1,150, (c) 420SS_1,180, and (d) 420SS_1,200.

of the chromium carbides did not inhibit the martensite
transformation, since no higher levels of retained austenite
were observed for higher sintering temperatures.

For 1,200°C, the (110) diffraction peak is shifted to the right
and its position seems to indicate the presence of ferrite rather
than martensite. This agrees with the presence of Cr,;Cq

carbide in the final microstructure of this sintered sample. At
this temperature, and according to the thermodynamic predic-
tions, the sample should be in an austenite + ferrite domain.
During cooling from 1,200°C, Cr,3Cg carbide was formed from
the §-ferrite with its consequent impoverishment in carbon
and chromium. Therefore, the martensite formed has low
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Figure 7. XRD patterns of the sintered samples. the diffractogram of the initial powder is also shown for comparison.



338 A. CUNHA ET AL.

Table 3. Density of the sintered samples.
420SS_1,100 420SS_1,150 420SS_1,180 420SS_1,200

Density (g/cm?) 7.49 7.52 7.45 7.67
Densification (%) 96.9 97.3 96.4 99.2
Theoretical density 7.73

(g/cm?)

carbon, tending toward the bcc structure of ferrite. This result
is in accordance with the work of Abdelkrim Redjaimia and
Antonio Garcial® in which the precipitation of M,;C¢ car-
bides during anisothermal cooling of a duplex 2205 stainless
steel was observed.

Densification

Table 3 shows the density of the sintered samples. The values
grow with the increasing sintering temperature with
a maximum value of 7.67 g/cm® for 420SS_1,200 sample
(99.2% of densification).

Fracture and hardness

The fracture surface of the sintered samples is shown in
Fig. 8. All the samples show a mix of intergranular (cracks
propagate along the weakened grain boundaries) and
transgranular (cracking propagation inside the grain) frac-
tures. The result of the latter fracture mode is a smooth-
looking fracture. Dimples were not detected on any of the
fracture surfaces, so it can be stated that the samples are
predominantly fragile.

The variation in the hardness runs from the periphery
to the center of the four samples and is presented in
Fig. 9. In this figure, an optical image of one of the

indentations is also shown. A tendency for the hardness
to increase from the periphery to the center of the sam-
ples was observed. This may be explained either by the
decrease in the grain size along the radius or by the
existing porosity. Densification is affected by temperature
(diffusion), and pressure (plastic deformation). For the
lower temperatures, a higher porosity was observed at
the periphery of the samples than in the center (Fig. 4).
This is due to the particle-wall mold friction that leads to
a less efficient sintering process at the periphery of the
samples. The average hardness values obtained from 10
indentations with a load of 1,000 gf at different points on
the surface of the samples were 601 +7, 687 +12, 672+ 8,
and 717 +5 HV, for the sintering temperatures of 1,100,
1,150, 1,180, and 1,200°C, respectively. These values are
lower than the ones obtained from lower applied loads
due to the indentation load/size effect. The higher the
applied load is, the lower the hardness measured.

The decrease in hardness observed from 1,100 to 1,180°C is
explained by the increase in grain size. The highest hardness
value was obtained for the sample sintered at 1,200°C, probably
due to the formation of chromium carbides during cooling.

The hardness values obtained in this study are higher than
those indicated in the literature for the same steel fabricated by
most of the processing techniques but are of the same order of
magnitude as those of parts printed by SLM (Table 4).

The hardness of the 420 stainless steel is highly dependent
on the microstructure (type of phases and their relative
amount). In the annealed state this steel is formed by
a ferrite + chromium carbide structure with a hardness of
around 250 HV.?**'J Wrought 420 stainless steel quenched
and tempered is formed by martensite and retained austenite
with a hardness of 567 HV (53 HRC).!"”??! In the study by
Nachum et al.’® a hardness of 550 HV is reported for the 420
stainless steel hot-pressed at 960°C using mechanically milled

PR

“Intergranulaf fracture

L8

Figure 8. Fracture surface of different samples: (a) 420SS_1,100, (b) 420SS_1,150, (c) 420SS_1,180 and (d) 420SS_1,200.
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Figure 9. Hardness along the radius of the sintered samples.

Table 4. Hardness of the 420 stainless steel material processed by different techniques.
Process Hardness (HV) Reference
Wrought (annealed) 247 2021
Wrought (quenched and tempered) 567 1022
HP 550 8
SLM (as-printed) 649 10
SLM (tempered at 315°C) 567 10
SLM (as-printed) 650 !
SLM (tempered at 400°C) 500 !
MIM 490 3
MIM (HT) 497 23
UHSS (CR + AQ) 486 2
UHSS (TMCP) 532 2

HP: hot pressing; SLM: selective laser melting; MIM: metal injection molding; HT: heat treated; UHSS: ultra-high strength steel sheets; CR + AC: cold rolling/air cooled;

TMCP: thermomechanical controlled processing.

powders. In a recent study, Nath et al.'” used the selective
laser melting (SLM) technique to print a 420 stainless steel part.
The authors reported hardness values of 649 HV (55 HRC) and
567 HV (53 HRC) for the as-printed and 315°C tempered
samples, respectively, and stated that the heat-treatment did
not induce an important change in the retained austenite con-
tent within a degree of experimental error of 20+ 10%.
However, the formation of Cr,;Cg4 carbides is stated to occur
during tempering. In the Saeidi et al.!"! work, a martensitic 420
stainless steel part was also fabricated by SLM with
a microstructure consisting of martensite +11% of retained
austenite and a hardness of 650 HV. Tempering at 400°C led
to a decrease in hardness (500 HV). The findings in the present
study are superior to the hardness of the SLM 420 stainless
steel, most likely due to the low percentage of retained auste-
nite achieved (Fig. 7). The same conclusion can be drawn
regarding this steel obtained by other production techniques.
According to MPIF 35, the hardness of the tempered 420
stainless steel fabricated by metal injection molding (MIM) is
490 HV (48 HRC).!*®! Chen et al.**! measured the hardness of
an ultra-high-strength 420 stainless steel processed by cold
rolling plus air cooling (CR + AC) and laboratory thermo-

mechanical controlled processing (TMCP). The microstruc-
ture reported was bainite for the former process and
a mixture of lath martensite and bainite for the latter, with
hardness of 486 and 532 HV, respectively.

Conclusions

The following conclusions can be drawn from this study:

¢ Quite dense 420 stainless steel samples were produced by
hot pressing at sintering temperatures from 1,100 and
1,200°C. 99.2 % of densification was achieved for the
samples sintered at 1,200°C.

e An increase in the sintering temperature led to an
increase in the grain size.

e The samples sintered at 1,100, 1,150, and 1,180°C were
formed by martensite and austenite. Precipitation of
chromium carbides (Cr,3C¢) occurred in the sample sin-
tered at 1,200°C. This sample presented the highest hard-
ness value.

e Porosity, grain size, and hardness were found to vary
along the radius of the samples.
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