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Decarburization and Gas Formation During Sintering
of Alloyed PM Steel Components

PETER QUADBECK, ALEXANDER STRAUB, and THOMAS WEIBGARBER

This study investigates the delubrication, reduction, and decarburization processes of powder
metallurgical steel alloys (CrM, CrL, AHC, Mo85, SintD 35) and an unalloyed steel during
sintering in a pure hydrogen atmosphere. Utilizing in-situ FTIR gas phase analysis, components
with ethylenebisstearamide (EBS) as a lubricant are analyzed. EBS decomposition in steel
components yields CO, CO,, H,O, and CHy, with dominant CH groups observed in the 230 °C
to 480 °C range. In the temperature range between 750 °C and 850 °C, where CO formation is
expected due to the reduction of surface iron oxides, CHy is present instead, indicating that an
“internal getter effect” also occurs in pre-alloyed powders. In addition, with high carbon
activity, the reduction of internal iron oxides and the reduction of chromium oxides also trigger
an internal getter effect. Depending on the carbon potential, these processes cause a
considerable reduction in the carbon content of the powder metallurgical components. The
study therefore shows that the decarburization of powder metallurgical components during the
heat treatment phases prior to sintering in a 100 pct hydrogen atmosphere is less due to the
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mechanism of delubrication, but rather to mechanisms of carbothermal reduction.
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I. INTRODUCTION

SINTERING of PM steel components is subject to
manifold processes which occur during the initial stage
of the heat treatment prior to sintering. Beyond drying,
the decomposition of the lubricants, reduction processes
of surface powder particle oxides as well as carburiza-
tion or decarburization processes occur. These initial
steps are crucial for the final sintering step and for the
properties of the sintered product. As an example, the
reduction of the oxide scales on the particle surfaces on
the one hand is essential in order to allow the sintering
necks between the particles to grow since the oxides
suppress the sinter activity. Carbon control, on the other
hand, is needed since the strength, hardness, corrosion
resistance, and hardenability are significantly affected by
the carbon content.!!! However, it has been shown that
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the contribution of the allowed carbon range to the
scattering of properties is comparable to the contribu-
tion of density.””) A comparison between conventional
steels and PM steels shows strongly differing carbon
content tolerances. Thus, proper PM manufacturing
needs proper control of all heat treatment steps prior to
sintering.

One of the first steps of the heat treatment is the
debinding process of the lubricants and additives. The
fundamentals of thermal decomposition of such poly-
mers were investigated in earlier studies.”! Polymers
undergo a variety of intrinsic degradation processes
during thermolysis, including depolymerization, random
scission, and side group elimination. In this way, easily
decomposable volatile degradation products are formed
on one hand; on the other hand, side reactions such as
cyclization and  cross-linking create  thermally
stable compounds, which lead to the formation of
residual carbon.

A typical lubricant that is used in powder metallurgy
is ethylenebisstearamide (EBS, C3;3H-4N>O,). Basically,
the polymer consists of a dimer with two long-chain
aliphatic hydrocarbons and two functional carboxylic
groups, which are connected by an ecthyl group. The
decomposition of EBS molecules can occur via several
competitive pathways. Baum et al. postulate two rele-
vant pathways during the delubrication of Fe/EBS
compacts in N,H, atmosphere: firstly, decomposition
into smaller fragments occurs through decarboxylation,
releasing CO,. Secondly, the predominant part of the
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molecule decomposes through cis-elimination, wherein
characteristic features such as the CH out-of-plane
wagging of the vinyl group, the vinyl C=C stretch, and
the N-vinyl amide carbonyl stretch are observed.™ The
cis-elimination is a process in which functional groups
on adjacent carbon atoms of the same side in an organic
compound are eliminated. This process results in struc-
tural changes in the molecule, particularly the formation
of a double bond and the release of molecular frag-
ments. Such decomposition mechanisms occur in the
temperature range of 400 °C to 700 °C. If significantly
higher temperatures are applied during delubrication,
the carbon content of the components is reduced, but on
the other hand leads to the formation of very stable ox-
ides, particularly in alloyed steels.!

In addition to the decomposition of the molecular
chains of the lubricants, reduction and decarburization
play a particularly important role prior to sintering. In
general, powder metallurgical components are reduced
by hydrogenation or carbothermal reduction. This is the
case for unalloyed and for alloyed components as well.
Hydrogenation requires a hydrogen-containing atmo-
sphere and typically takes place at 300 °C to 580 °C,!"!
depending on the water content in the protective gas.

A carbothermal reduction under an inert atmosphere
occurs primarily through

Me, O, + mC < nMe + mCO. 1]

This means that carbothermal reduction under these
conditions can be measured by CO formation. As an
example, the equilibrium of the reduction of iron by
Fe,O;3 + 3C < 2Fe + 3CO is on the right side at
temperatures above 685 °C. Such peaks of CO forma-
tion under inert atmosphere are shown in the temper-
ature range of 700 °C to 760 °C."*) In addition, Oro
et al. also report a gradual reduction of Fe;O; — Fe;0y4
at 900 °C, Fe;04 — FeO at 1020 °C to 1030 °C, and FeO
— Fe at 1050 °C.I"% In other work, the typically very
prominent release of CO in the < 1050 °C range is
identified with the reduction of internal oxides.[” "

In addition, the carbothermal reduction of the alloy-
ing elements has been studied as well. As an example,
Fe3Cr1.0C components show pronounced CO forma-
tion at 850 °C. Hryha et al. attribute these CO
formation peaks to the reduction of internal iron oxides
and surface chromium oxides.®! Here, in the initial
stages of deoxidation, the spinel oxide FeCr,O4 is
carbothermally reduced. Furthermore, Astaloy CrM
components exhibit weak CO peaks at 600 °C, 800 °C’
and more intense maxima between 950 °C and 1150
°C.I"" Mori er al. proposed that the reduction at the
initial stage of the reduction is dominated by the direct
reaction of the oxides with small graphite particles.'"!
Finally, the reduction of chromium oxides with spon-
taneous CO formation at 1136 °C has been shown in
Reference 10. More stable are oxides formed by
manganese, often used as strengthening element. Much
like chromium, in the initial stages of the reduction,
manganese forms the spinel oxide MnFe,O4. The
reduction of MnO then is indicated by CO formation
at temperatures above 1100 °C.[

Under a pure hydrogen atmosphere, the release of
methane in particular is detected in addition to the
species mentioned above. In principle, direct methane
formation could first occur vie C + 4H < CHy.
However, the equilibrium of this reaction is on the
left-hand side at 7 > 585 °C. Consequently, such
methane peaks are only observed in the temperature
range of 550 °C to 600 °C as a reaction of pure
carbon!"? under H, or at very high organic carbon
contents, such as those occurring in the l‘post debinding
of metal injection molding components.!'”!

In the temperature range from 750 °C to 800 °C,
methane formation under a hydrogen atmosphere was
also observed during the heat treatment of powder
mixtures of iron and master alloys of strong oxide
formers, in particular manganese and silicon.'¥ Oro
et al. postulate an internal getter effect in which an
oxygen transfer from carbothermally reduced iron to the
alloying elements with a higher affinity for oxygen
occurs through

(x/y)Me + 2H, + CO « CH40 + (1/y)Me,O, 2]

within the internal powder structure of the powder
mixture. This reaction leads to decarburization without
a significant oxygen reduction in the corresponding
temperature range. The authors assume that the get-
ter-effect scenario is limited exclusively to powder mix-
tures with iron and a master alloy at correspondingly
high hydrogen partial pressures.!'” In later studies, this
effect was also found at industrially relevant hydrogen
contents of 10 pct in the atmosphere.!'”!

Such processes result in significant decarburization,
which considerably changes the properties of the powder
metallurgical components. In the present work, the
extent to which the effect of decarburization by metha-
nation under a pure hydrogen atmosphere also plays a
role in pre-alloyed commercially available powders is
investigated. In addition, influences of the alloy com-
position on the delubrication and reduction behavior are
studied with an in situ gas phase analysis.

II. EXPERIMENTAL

The samples used in the experiment were prepared by
various pre-alloyed powders (Hoégands AB, Sweden)
with particle sizes of < 150 um. As a reference,
unalloyed steel was chosen. The chemical compositions
of the powders are listed in Table 1. The lubricant used
was an ethylenebisstearamide EBS microwax binder
(Deurex AG, Germany). The powders and binder (1.5
wt pct) were mixed and then pressed in cylindrical
geometry with a diameter of 28 mm and a height of 6
mm with a pressing force of 600 MPa.

The delubrication and sintering of the samples were
carried out in a tube furnace with an inner diameter of
105 mm and a length of 1600 mm. As a protective
atmosphere, pure H, 5.0 (Linde AG, Germany) with a
flow rate of 2.5 L/min in atmospheric pressure was used.
The water content is specified as 5 ppm by the
manufacturer, which equals a dew point of — 65 °C.
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Table I. Element Composition and Green Density of the Tested PM Steel Alloys

Element Content (m Pct)

C Cr Mn Cu Si P Mo Green Density (g/cm?)
Sint D35 0.2 0.3 0.5 0.45 6.8
Astaloy CrL 0.8 1.5 0.2 6.98
Astaloy CrM 0.8 2.85 0.08 0.5 0.5 6.9
AHC 0.4 1.24 1.41 7.1
85Mo 0.4 1.24 1.33 0.85 7.2
Mild Steel 0.15 0.18
As the water can remain in the furnace, the upper limit ' — 0 1
for the dew point is the cumulative amount of water 100 Tro "'l///// f
calculated from a heat treatment time of 12 hours, the //A// o
above-mentioned gas flow, and the furnace volume of .80+ "&,/ Z _
13.9 L, resulting in a cumulative concentration of 7.2 = é 10 g’
ppm. This equals a dew point of — 25 °C. In this 2 604, |DTA f aporation S
environment, the samples firstly were heated to 450 °C % * % 6’ °C =
with a dwell time of 10 minutes, and subsequently 2 401 melting s
heated to 1250 °C with a dwell time of 30 minutes. The S 1445°C 116
heating rate was each 3 K/min. 20 )
.. . 5 K/min
In order to observe the gas composition during the - / N.H
process, in situ gas phase observation was carried out by 0 [ ethyloneblsstearimide / Zz 5

Fourier-transform infrared spectroscopy (FTIR), using
a ThermoFisher Scientific Antaris IGS. In this system,
the infrared beam from the broadband IR source first
passes through a mirror system and enters the tube
furnace via KBr windows. In the furnace, the beam runs
a few millimeters above the samples, leaves the furnace
again on the other side of the tube through a KBr
window, and is then fed to an external mercury—cad-
mium—telluride photodetector, where the measuring
signal is recorded.

In order to identify single species, reference spectra
(CO, CO,, CHy) were taken with the help of gas-filled
reference cells. During the heat treatment, spectra were
taken in temperature steps of 5 K. Each spectrum was
analyzed with regard to the detected species. Every
species exhibits a characteristic band, whose shape
changes with the temperature due to Doppler broaden-
ing. Thus, to determine relative concentration of the
observed species, a baseline was drawn between two
defined fixed points and integrating the area between the
baseline and the measured absorbance. For detection of
CO, this integration was done between 2120.35 and
2118.0 cm ™!, CO, was determined between 2331.32 and
2332.82 cm ™', CH, between 3085.33 and 3086.18 cm ™',
and the CH group between 2834.85 and 2990.61 cm ™.
Furthermore the absorbance due to water has been
quantified between 3890.59 and 3892.49 cm '. This
method may be defective to some extent due to
overlapping effects, but the drawback was accepted
due to practicability and better visibility of the results.

Prior to the measurements, a heat treatment cycle was
carried out under hydrogen without a load in order to
clean the furnace and rule out contamination from
residues of previous heat treatments. In addition,
thermogravimetric analysis was carried out using a
Netzsch STA 409 C equipment. Here, pure EBS binder
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Fig. 1—Thermogravimetric analysis of debinding of the
ethylenebisstearamide binder under Ar—H, atmosphere. The main
debinding step occurs between 336 °C and 408 °C.

was pyrolyzed in N,—H, atmosphere at a heating rate of
5 K/min. The analysis of residual carbon after heat
treatment was carried out on a LECO CS230
instrument.

III. RESULTS

The result of the thermogravimetric analysis of the
ethylenebisstearamide (EBS) is displayed in Figure 1,
which shows an onset of the mass loss at temperature
range from 250 °C to around 450 °C. Overall, a mass
loss of 96.9 pct is measured by the end of the heating
phase. In addition, an endothermic peak at 144.5 °C
indicates the melting of the EBS binder, and vaporiza-
tion takes place with a peak at 392 °C.

The Fourier-transform infrared spectrometer flanged
to the tube furnace is used to record spectra at various
temperatures. For reasons of space, the spectra of all
tested alloys and temperatures are not presented here.
Figure 2 therefore shows the spectra produced during
the heat treatment of the alloy Astaloy CrL at selected
temperatures of 360 °C and 385 °C, 770 °C and 875 °C
as well as at 1050 °C and 1200 °C. Firstly, a decreasing
absorbance from high to low wavenumbers at the lower
temperatures catches the eye. This gradient is high at
360 °C and somewhat lower at 385 °C and has its origin
in the wavelength-dependent scattering of IR photons
on particles. Such particles are formed as soot particles
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Fig. 2—Typical absorbance spectra of an Astaloy CrL sample
during the heat treatment und pure hydrogen. As an example, the
spectra at 360 °C, 385 °C, 770 °C, 875 °C, 1050 °C, and 1200 °C are
shown. At the typical wavenumbers H,O-, CHy-, CO,-, and
CO-absorption peaks are observed. Furthermore, a distinct
characteristic CH group absorption peak is measured.

during the decomposition of the EBS binder and
indicate a maximum of decomposition activity at 360
°C. At higher temperatures, such a particle-derived
scattering is not observed. On the other hand, a rising
baseline can be recognized at high temperatures. This is
caused by an increasing radiation background due to the
heat radiation from the furnace.

Various characteristic peaks can now be detected
from the individual spectra. Particularly characteristic is
the band between 2700 and 3000 cm !, which is caused
by the absorption of the CH group and also reaches its
maximum height at 360 °C, i.e., the temperature of
maximum particle formation. Absorption by H,O
molecules is also dominant in this temperature range,
covering the characteristic fingerprint range of 1270 to
1900 cm ™' and above 3500 cm~'. Furthermore, peaks at
wavenumbers of 2120 cm ™' indicate the presence of CO,
and in the range of 2280 to 2390 cm™' the presence of
CO, can be read. Finally, peaks in the range of 3085
cm ™! at temperatures above 700 °C can be assigned to
the formation of CHy.

From the spectra the integrated absorbance areas in
the complete temperature range were calculated. The
absorbance of the CH group is depicted in Figure 3(a).
In general, the absorbance caused by the CH group is
visible in the temperature range of 230 °C to 480 °C,
whereby the peak temperatures differ significantly
between the individual alloys. As an example, the peak
temperature of the chromium and molybdenum con-
taining alloy 85Mo shows a maximum at 330 °C,

whereas the absorbance of the CH band of Astaloy CrM
is maximal at 368 °C. The maximum absorbance value
of all samples is nearly the same.

The formation of CO, takes place in parallel with the
formation of CH and has maxima between 330 °C and
375 °C (Figure 3(b)). These peak temperatures are equal
to the peaks of CH formation with only slight devia-
tions. At higher temperatures no CO, formation is
visible.

The absorbance caused by CO molecules is displayed
in Figure 4(a). Only minor peaks are visible in the
above-mentioned temperature range of the maximum
EBS binder evaporation. The low carbon-containing
mild steel shows no distinct CO formation during the
complete heating cycle. At low temperatures, a weak CO
formation is detected during heating of the Astaloy
steels CrL and CrM and the Sint D35 steel in the
temperature range of 335 °C to 370 °C. At higher
temperatures, CO formation starts at ~ 770 °C and
increases with increasing temperature up to ~ 1050 °C.
This is shown by all steel alloys. The formation of strong
CO peaks during the heat treatment of CrL and CrM at
temperatures > 1000 °C with a maximum in the range of
1200 °C should also be emphasized.

Absorption due to the presence of methane during
heating is shown in Figure 4(b). In the lower temper-
ature range at T < 600 °C, no significant methane
formation is detected in any alloy. In the case of
unalloyed steel and Sint D35 with low carbon contents,
the methane content remains irrelevant even at higher
temperatures. In contrast, the alloys 85Mo and AHC
with an carbon content of 0.4 wt pct show a single
maximum at 755 °C and 770 °C, respectively. Finally,
the alloys CrM and CrL with a high carbon content of
0.8 wt pct each display two methane peaks in the
temperature range between 810 °C and 1020 °C.

The absorption due to the formation of H,O
molecules is shown in Figure 5. In general, the forma-
tion of H,O follows the pattern of the formation of CH
and CO with peaks in the temperature range of 340 °C
and 390 °C. In detail, however, the temperatures of the
respective peaks are slightly but significantly higher than
those of CH and CO, formation. In addition, the range
of water formation is wider for unalloyed steel.

Finally, the carbon contents of the samples were
determined after the heat treatment. Table II gives the
results of the measurements in comparison to the alloy
definition carbon content. It appears that all alloys show
reduced carbon contents. A particularly high carbon
loss was observed in the Astaloy CrL and CrM samples,
while the carbon loss in the remaining samples was
rather moderate.

IV. DISCUSSION

The heat treatment of ethylenebisstearamide contain-
ing PM steels is a complex process that comprises the
decomposition of the organic material, as well as
deoxidation and decarburization, that occur within
several temperature steps. These processes are reflected
in events at various temperature ranges. In this sense,
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Fig. 3—CH group absorbance (¢) and CO, absorbance () of various PM steels as a function of temperature under H, atmosphere. The release
of CH and CO, both indicate the main debinding step and occur between 230 °C and 480 °C.

the delubrication of the ethylenebisstearamide (EBS) is
attributed to the decomposition of its molecular chains.
As reported earlier, the scission of the EBS molecular
structure most likely occurs at the carboxylic acid
groups. It has been shown that the major decomposition
products are CH valence groups.!'”! Such species could
be expected due to the presence of aliphatic hydrocar-
bons as one main element in the molecular structure of
the EBS chain structure.>'® In this case, the process gas
atmosphere is the hydrogen source for the molecular
chain fragments.

In this way, the delubrication in the present work can
be assigned to the occurrence of the CH group at a
temperature between 330 °C and 410 °C, at which the
thermogravimetric measurement also records a relevant
mass loss. The formation of CO, is visible parallel to the
formation of the CH group. In spite of the fact that
other authors have attributed the formation of CO,
peaks to the decomposition of superficial carbonates
and hydrocarbonates,[gl it is therefore more likely that
this species is also linked to the delubrication process as
a fragment of the decomposition. The same applies to
the small CO peaks between 340 °C and 370 °C, which
occur at the same temperature as the peaks of the CH
group. Like the CH group, CO is also a fragment in the
decomposition of ethylenebisstearamide.™ It is there-
fore obvious that the formation of CO in this
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temperature range is caused by the decomposition of
the EBS binder and therefore appears at the same time
as the CH group.

Both the thermogravimetric measurement and the gas
analysis show a single-step decomposition of the EBS
binder. The same findings have been reported by Baum
et al.,” who proposed the use of corresponding sensors
to monitor the delubrication behavior. Poskrebyshev
et al. declared the decomposition of EBS in the presence
of Fe/C to be triggered by catalytic effects.!'”) This
catalytic effect can also explain the significant difference
between the decomposition temperature of pure EBS
binder and the decomposition temperature of EBS-con-
taining steel powder compacts in this study. The former
was determined by TGA measurements, while the latter
was measured by FTIR analysis of the CH group
formed in the furnace. Following this idea, it could now
be assumed that the pronounced differences in the peak
temperature during the formation of the CH group also
result from different alloy compositions and the result-
ing catalytic effects. However, since the differences of the
alloying element concentrations are rather low it is much
more likely that the green density plays a more
pronounced role during the debinding process. Here,
low green densities correlate to higher debinding tem-
peratures. A plausible explanation for this behavior is
the thermal conductivity of the green compact, which
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Fig. 4—CO absorbance («) and CHy4 absorbance (b) of various PM steels as a function of temperature under H, atmosphere. The release of CHy
at higher temperatures is dependent on the carbon content of the alloy. A significant formation of CH,4 only occurs at carbon contents of > 0.2

wt pct.

increases with green density due to the increasing
number of particle contacts. This behavior is immedi-
ately apparent and has been demonstrated both exper-
imentally and in models.***!"" Consequently, the critical
temperature for the decomposition of the EBS binder
within the powder compact is reached later at lower
green densities. Due to the constant heating rate applied
in the experiment, the maximum peak formation tem-
perature of the decomposition products appears at
higher temperatures.

The measured water formation at temperatures up to
400 °C appears in a similar temperature range to the
peaks of CO, formation and the formation of the CH
group. In detail, however, these peaks differ significantly
by several 10 K each. The formation of water can
therefore not be attributed to delubrication, but to a
reduction via

2 2
MO, +2H; = 7’"M +2H,0. 3]

Typically, around 50 pct of the oxides are removed by
this reaction.”” The partial pressure ratio of H, and
H,O, which is linked to the dew point, is the decisive
factor for the reduction. With the dew point calculated
above at — 25 °C, an equilibrium on the right-hand side
of (1) is obtained by plotting the Ellingham diagram
from temperatures of around 200 °C. Due to the

temperatures of the first occurrence of H,O, which are
on average about 150 K higher, it can be assumed that
the dew point during the measurements is somewhat
higher in practice, which can be caused by adsorption on
the furnace surfaces. Danninger et al. report water peaks
at around 350 °C when measuring Fe0.5C and in
Fe3Cr0.5Mo00.5C under H, and conclude that the
reduction of iron oxides is present here.l”’ Temperature
differences in the measurements of different alloys
observed in the present study are therefore less
attributable to the different alloying elements, but rather
to different dew points during heat treatment (which can
occur in the laboratory tube furnace, in particular due to
the surface adsorbances mentioned above).

In addition to reduction by water formation, car-
bothermal reduction plays a decisive role for the
material properties after sintering. For these reactions,
it is initially useful to consider the carbon activity ac.
Carbon activity is a thermodynamic parameter that
describes the reactivity of carbon. The carbon activity in
the unalloyed austenite of pure iron can initially be
approximated under the carbon content c¢c by the
following expression!**:

2300
loga, = — 2.21 + 0.15¢¢ + logec. [4]

In alloyed austenite, the carbon activity becomes
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Fig. 5—H,0O absorbance of various PM steels as a function of
temperature under H, atmosphere. The release of water occurs
during the main debinding step.

Table II. Definition of the Carbon Contents of Various PM
Steels and Measured Carbon Content After Heat Treatment in
H, Atmosphere

Carbon Content (m Pct)

After Definition After Sintering in H,

Sint D35 0.2 0.08 4+ 0.01
Astaloy CrL 0.8 0.46 = 0.04
Astaloy CrM 0.8 0.45 £ 0.01
AHC 0.4 0.34 £ 0.05
85Mo 0.4 0.34 4+ 0.01
Mild Steel 0.15 0.03 £ 0.02
A distinct carbon loss is observed.
a = f- ac. [5]

The factor f expresses the additive effects of various
impurities and alloying elements on the activity of
carbon in austenite and can be written numerically as
follows!>:

logf = cs; - 0.055 — ey - 0.016 — ey - 0.043 — eygo
£0.015 — ccy - 0.006. (6]

Here, csi, ¢vns Ccr» Mo, and c¢cy are the percentage
contents of the respective alloy elements.
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Fig. 6—Calculation of the carbon activity (¢) and of the diffusion
coefficient (b) of various PM steel alloys. The formation of methane
at higher temperatures is inhibited by decreasing carbon activity and
promoted by increasing diffusion coefficients.

The temperature-dependent calculation result for the
corrected carbon activity of the alloys considered in this
study is illustrated in Figure 6(a). The figure shows that,
on the one hand, the reactivity of the carbon decreases
with temperature for all alloys. However, it also shows
that this carbon reactivity is highest for the alloy CrL
and CrM, and decreases in descending order via AHC,
85Mo, Sint D35, and mild steel. This order correlates
with the decrease in carbon content after sintering, i.e.,
with high carbon losses in CrL and CrM and somewhat
smaller changes in 85Mo and AHC. Such a decarbur-
izing effect is initially achieved by delubrication.

On the other hand, at lower temperature the carbon
availability mainly is limited by its diffusivity. The
carbon diffusivity D of an alloy with the carbon content
¢c can be calculated via®*

D= Dgexp(—Q -4.1868-(R - T)”), [7]
where R is the gas constant and

0 = 36,667 — 8862 - cc + 250-cpvn + 2950 - ey + 2722
- Mo + 406-csi,

8]

Dy = 0.039925 + 0.3738 - cc + 0.014-cpp + 0.095 - ccr
+ 1.026 - emo + 0.0444 - cs;.

]

The calculated carbon diffusivity is shown in Fig-
ure 6(b) as a function of temperature. In general, the
diffusivity increases with increasing temperature. With
respect to the alloy composition, the values of the
carbon activity differ significantly from each other. The
figure shows a distinctive ranking of the diffusivity from
the highest to the lowest as follows: Astaloy CrL, 85
Mo, Astaloy CrM, AHC, Sint D35, and mild steel. In
the upper temperature range, however, the influence of
diffusion on the supply of carbon is rather limited, as the
diffusion path lengths are rather small due to the small
particle sizes. This means that the upper limit of the



carbon availability is rather limited by the total avail-
ability, ie., by the carbon activity. The influence of
diffusivity should be particularly relevant toward low
temperatures. Here, however, the thermodynamics is
more of a limiting factor. This applies in particular to
the carbothermal reduction according to Eq. [2], which
is limited at low temperatures. Therefore, hardly any
alloy-specific effects of diffusivity can be recognized in
the present study.

At temperatures below 1000 °C, instead, a noticeable
progression of methane concentrations is visible in the
present experiments. Direct methanation via C + 4H <
CHy, as observed in systems with high carbon contents
(such as in metal injection molding or in template-based
cellular metals), can be ruled out here for thermody-
namic reasons, as the equilibrium of the above reaction
is on the left-hand side from 7> 585 °C onwards. In the
present study, however, methane formation takes place
at temperatures > 750 °C, i.e., at temperatures that are
typical for the carbothermal reduction of surface iron
oxides. In the present study, methane peaks only occur
in particular in the alloys with a carbon content > 0.4
pct (CrM, CrL, AHC, 85Mo) at temperatures, where
CO peak of iron reduction would have been expected.

Based on the internal getter effect in master alloy
mixtures postulated by Oro er al.,''” it is plausible to
assume on the basis of the available data that such an
oxygen transfer to oxygen-sensitive alloying elements
also occurs in pre-alloyed powders if the carbon
potential is sufficiently high. Initially, a reduction of
the iron surfaces via Fe;04 + 4C < 3Fe + 4CO takes
place inside the powder structure. As the Boudouard
equilibrium above 700 °C is on the CO side, CO,-based
mechanisms hardly contribute to the reduction. Accord-
ing to this model, a reaction of the Hj-protective
atmosphere and the released CO with the solid metallic
alloy components chromium, manganese, and silicon to
methane and the corresponding oxides will take place in
the powder bed according to Eq. [2]. For the oxidation
of chromium, (2) is thermodynamically possible up to
about 950 °C, for manganese and silicon also far above
this temperature.!'> This reaction requires a sufficient
amount of surface carbon and is only visible if the
carbon potential is sufficiently high. Furthermore, it can
be assumed that a reduction of superficial chromium
oxides at temperatures below 1000 °C also results in an
oxygen transfer to the more oxygen-sensitive metals Mn
and Si, thereby generating the observed second signif-
icant CHy4 peak in the CrL alloy.

In addition it can be assumed that the oxygen transfer
can also occur by reduction of the inner iron oxides.
Such a reduction typically takes place at temperatures of
approx. 1050 °C. According to the model of the internal
getter effect, this internal reduction also generates an
oxygen transfer to the alloying elements chromium and
manganese, which have a higher affinity for oxygen.
This is indicated by the formation of CH4 and can be
observed in the alloy CrM by a peak at 1020 °C. A
transfer from iron oxides to chromium oxides is unlikely
due to the above-mentioned thermodynamic reasons. In
addition to the dominant CH, formation, a weak but
significant CO formation is recognizable in all alloys in

the temperature range of the internal reduction. We
therefore assume that CO formed during the internal
reduction of iron oxides is only partially converted into
CHy4 due to the effect of the internal oxygen transfer.
This means that the internal getter effect at this point
requires a sufficiently high carbon activity.

This in turn means that the release of CO observed in
these two alloys at 77> 1100 °C is not an indication of a
reduction of internal iron oxides, as is the case under
inert conditions or under inert gas with reduced H,
partial pressure. Rather, it can be assumed that these
maxima are caused by the reduction of the oxides of the
alloying elements chromium and manganese. The results
of Danninger et al., who show CO peaks at 800 °C, 1000
°C, and 1200 °C for the alloy CrM under an inert
atmosphere, are consistent with these observations.!”!

V. CONCLUSION

The present study investigates the delubrication,
reduction, and decarburization of powder metallurgical
components based on commercially available pre-al-
loyed steel powders with ethylenebisstearamide (EBS) as
lubricant. An FTIR in situ gas phase analysis of the
process gas atmosphere during heat treatment prior to
sintering under 100 pct hydrogen atmosphere shows the
following main results:

It has been shown that EBS in steel components
decomposes mainly in the CH group, CO, CO,, H,0,
and CHy. Due to their central position in the molecular
chain of EBS, the CH group is the dominating species in
the spectra of the process gas. Decomposition is detected
within the temperature range 230 °C to 480 °C, whereby
measurable differences in decomposition temperatures
occur between the individual alloys.

Instead of the typical CO release due to the carboth-
ermal reduction of surface iron oxides, methane is
detected in components with carbon contents > 0.4 pct
in the temperature range from 750 °C upwards. It is
assumed that the carbothermal reduction of surface iron
oxides leads to an oxygen transfer to the oxygen-sensi-
tive alloying elements. This “internal getter effect” has
previously been postulated for mixtures of iron powder
and master alloy powder and, according to the results
available, apparently also occurs with pre-alloyed pow-
ders under a pure hydrogen atmosphere.

With a sufficiently high carbon activity, such an
internal gettering effect also occurs during the reduction
of superficial chromium oxides, leading to oxygen
transfer to more oxygen-sensitive alloying elements. In
the same way, the reduction of internal iron oxides leads
to an internal getter effect. For this reason, a pro-
nounced reduction of the alloying elements chromium,
manganese, and silicon can be measured in the temper-
ature range > 1100 °C for alloys with a high carbon
content of 0.8 pct. These processes manifest themselves
in the formation of intense CO peaks in this temperature
range.
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Overall, the study shows that the decarburization of
powder metallurgical components during the heat treat-
ment phases prior to sintering in a 100 pct hydrogen
atmosphere is less due to the mechanism of delubrica-
tion, but rather to mechanisms of carbothermal reduc-
tion. The alloy composition primarily influences the
carbon activity. Depending on this carbon activity,
carbothermal reduction manifest themselves in methane
formation in the range from 700 °C to 1000 °C and in
carbon monoxide formation above this temperature.
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