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Abstract: ECKA Granules Alumix 431D commercial grade, press ready, pre-alloyed aluminium-based
powder containing 1.5 mass% of Acrawax C was used to study the effect of nitrogen linear flow on de-
lubrication and sintering densification. In situ dimensional changes were controlled by dilatometry.
Microstructural observations of sintered compacts were also performed. The results clearly showed
the strong influence of nitrogen linear flow on de-lubrication, and thus on the sintering behaviour
of the examined powder. High nitrogen linear flow is required to produce the desired sintered
microstructure—characterised by residual porosity. In contrast, at low nitrogen velocity, the lubricant
removal is not complete, which in turn significantly impedes densification.
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1. Introduction

The main advantage of the sintered structural parts based on aluminium is their
low density combined with sufficient mechanical strength. However, the potential of alu-
minium powder metallurgy is still waiting for development and the wider use of sintered
aluminium-based parts is still hindered by some limitations of this technology. In general,
the sintered properties are very sensitive to any fluctuations of the processing parameters.

As is typical in powder metallurgy, the addition of a lubricant to aluminium powder
reduces friction. Additionally, however, a lubricant is necessary in this case to avoid
defects caused by cold welding during compaction, which is not a problem in iron powder
metallurgy. Therefore, one of the disadvantages of aluminium powder metallurgy is the
need to use a lubricant and, consequently, problems related to its removal. Again, in
comparison with iron-based powders, a thorough removal of the lubricant during heating
is more crucial for aluminium because of the significantly lower sintering temperature.
Moreover, de-lubrication of aluminium-based compacts should be finished prior to the
appearance of the first liquid phase, which can take place even below 400 °C in some
systems. Improper lubricant removal or interference of this process with liquid phase
formation may deteriorate the sintered properties. In view of this, the lubricant used in
aluminium powder metallurgy should be able to decompose easily and to be removed
at a low temperature without producing unnecessary compounds. Thus, the amount of
lubricant added should be as low as is acceptable.

The conditions of lubricant removal are important in view of their effect on sintering
density. It is well known that the gaseous products of lubricant evaporation and/or its
degradation tend to form open porosity and generate internal cracks or distortions of the
weak compacts at the initial stage of the sintering cycle. A too fast heating rate, e.g., may
lead to boiling of the lubricant in the interior of the compact instead of on its surface. This

Metals 2021, 11, 1259. https:/ /doi.org/10.3390/met11081259

https:/ /www.mdpi.com/journal/metals


https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-3397-0954
https://doi.org/10.3390/met11081259
https://doi.org/10.3390/met11081259
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11081259
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met11081259?type=check_update&version=2

Metals 2021, 11, 1259

20f 10

can produce swelling and internal cracks, resulting in a loss of direct particle-particle
contact. In general, the choice of the lubricant, its amount, lubrication method, and de-
lubrication conditions should be carried out with special care. The search to develop
new and better lubrication systems for powder metallurgy is still an open and important
question. Generally, one of the main advantages of newly developed lubricants is their
metal-free composition, i.e., they are pure organic compounds such as waxes [1].

The most commonly used lubricant for aluminium-based powders is Acrawax C, which
is an amide wax—ethylene bis-stearamide (EBS) with the molecular formula (C17H35COHN),
CyHy—containing a small amounts of stearic acid. It is dust-resistant, has a limited effect on
lowering the green strength, and a rather small influence on density. Because Acrawax Cis a
completely organic material, it has clean burn-off characteristics, in particular, it does not
leave any metallic residues after de-lubrication, like metallic soaps do. The drawbacks
to the use of Acrawax C are related to the rather poor flowability of the metal powder
mixtures that contain it and to a relatively wide de-lubrication range that results from its
high molecular weight.

Acrawax C is widely used in iron powder metallurgy. Thus, there are some reports
available in the literature dealing with its removal from iron-based compacts [2—4]. Based
on these results, it can be stated that there is a general agreement regarding the required
temperature to make the de-lubrication process complete, which is about 600 °C. Addition-
ally, Karamchendu et al. [3] pointed out the influence of the gas flow rate on Acrawax C
removal and concluded that “dynamic gas flow conditions” around the compacts” surfaces
are beneficial for de-lubrication. However, this question was not discussed in detail in
the paper.

One of the commercially available aluminium-based powders that has the composition
of an aviation alloy is Alumix 431D grade produced by Ecka Granules GmbH. Its chemical
composition corresponds to that of the conventional 7075 aluminium alloy. Alumix 431D
powder is a mixture of two atomised powders, i.e., that of elemental aluminium and that
of aluminium-based master alloy [5-7]. Of course, in this case, the sintering process is
responsible for the homogenisation of the alloy. Zinc is very effective in increasing the
mechanical properties of the sintered alloy because of the solution-precipitation mechanism,
and copper is added to improve the stress corrosion resistance and to assist the ageing
process. Magnesium, in turn, has a positive influence on densification during sintering
owing to the low melting phase formation and the formation of the spinel MgAl,O4, which
is a product of aluminium oxide disintegration. Generally, it is accepted that successful
sintering of aluminium and its alloys requires a liquid phase that penetrates the stable,
but spalled, aluminium oxide film covering the powder particles [8]. Additionally, a pure
dry nitrogen atmosphere is also necessary for effective sintering of these alloys [6,9,10].
In particular, the liquid phase is present during sintering of Alumix 431D compacts [11].
As was demonstrated in our earlier papers [6,7], at least two liquid phases appear in this
system, one of them is transient while the other is persistent. The latter liquid leads the
process to be known as supersolidus sintering.

It is worth noting that the function of sintering atmosphere in aluminium powder
metallurgy does not help in the reduction of oxide films, which is typical for sintering
of other metals, including iron. Thus, besides chemical and physical interactions with
aluminium [12], the removal of the lubricant’s vapour and volatile products of its decom-
position seems to be the main role of the flowing nitrogen sintering atmosphere in the
manufacturing of sintered parts made of aluminium alloys. Yuan et al. demonstrated [13]
the influence of the nitrogen gas flow pattern on the sintering of a 7xxx aluminium alloy
produced from elemental powders with compacts’ distortion. In particular, they analysed
the effect of the sample position in the furnace on its distortion. Generally, they docu-
mented that the Al-Zn-Mg-Cu system is very sensitive to the fluctuations of local gas flow
conditions near the sample surfaces, which results in different deformations, pore distribu-
tion, and even chemical composition in different regions of the compact. However, they
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assumed that the de-lubrication step at 360 °C for 40 min is sufficient for complete Acrawax
C removal, and they did not analyse the role of nitrogen flow on de-lubrication either.

In contrast to the iron powder metallurgy, the de-lubrication process of aluminium-
based compacts is poorly described. Furthermore, to the best knowledge of the authors,
there are no data presenting the influence of the linear flow of the sintering atmosphere on
the sintering behaviour and thus on the sintering properties of aluminium-based compacts.
Therefore, the main purpose of this work was to show the effect of the nitrogen linear flow
on lubricant removal and densification taking place during sintering of compacts made of
Alumix 431D grade press ready powder mixture containing Acrawax C.

2. Materials and Methods

Alumix 431D commercial grade aluminium-based powder [5] and a lubricant—the
synthetic wax known as Acrawax C in the form of a powder were used in this study. The
press ready mixture containing 1.5 mass% of Acrawax C was supplied by ECKA /Granules
(Velden, Germany). SEM images of Alumix 431D powder are shown in Figure 1. The raw
powder mixture comprised air-atomised aluminium powder with alloying additions in the
form of a master alloy powder (Figure 2). The composition of the Aluminix 431D powder is
shown in Table 1, and is very similar to wrought 7075 alloys. Energy dispersive spectrscopy
analysis of both types of powder particles confirmed the metallographic observations
(Table 2).

X1,86808

Figure 2. Backscattered electrons mode SEM image of Alumix 431D powder mixture: cross sections
of air-atomised aluminium (monolitic grey) and master alloy (light) particle are visible (a) general
image, (b) detailed image showing eutectic type mictrostructure of master alloy.

Table 1. Composition of Alumix 431D grade powder without lubricant produced by ECKA Granules
GmbH [5].

Zn Cu Mg Si Fe Sn Al
Mass%
5.8 1.6 2.6 0.16 Balance
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Table 2. Energy dispersive analysis of Al and master alloy particles/mass%.

Element Mg Al Cu Zn Sn Total

Line Ka Ka Ka Ka La
Aluminium particle 0.425 99.082 0.214 0.271 0.008 100.00
Master alloy particle 4.188 83.706 2.554 9.198 0.335 100.00

The powder was designed to show good compressibility, high sinterability, providing
near full sintered density and high strength sintered products.

Lubricant Acrawax C is composed of ethylene bis-stearamide—EBS—(about 98%) and
stearic acid (about 2%). Some principal characteristics of the lubricant are shown in Table 3.

Table 3. Characteristics of Acrawax C [1,14].

Physical Density Melting Boiling Flash Point, Decoposition .
State at 3 P . o o Temperature, Residue
g/em Point, °C Point, °C C o
RT C
Powder 0.97-1.068 135-146 260 285 260 None

Helium pycnometer Pycnomatic ATC was used to establish the theoretical density of
the powder used in the experiments. Additionally, the pycnometric density of the fully
dense alloy made of Alumix 431D powder was also measured. The results are shown in
Table 4. Some other principal properties of Alumix 431D powder containing 1.5 mass%
(which is roughly 4% by volume) of Acrawax C were assessed under standard conditions.
The results are listed in Table 5.

Table 4. Pycnometer densities of Alumix 431D powder and the fully dense alloy of the same composition.

Material Pycnometr Density g/cm3
Press-ready Alumix 431D powder 2.69
Alumix 431D powder without lubricant 2.75
Fully dense alloy (without lubricant) 2.76

Table 5. The effect of Acrawax C admixed with Alumix 431D powder on the mixture’s properties
and on its compaction behaviour.

Flowability ! App are nt Green Density 2 Ejection Force Spring Back Greerlll 3
/50 g Density g/em? KN b Strengt
S g/cm® MPa
19.38 1.09 2.55 9.13 1.08 0.83

! diameter of cone’s hole—5 mm, 2 bend strength bar 10 x 10 x 30 mm3, compaction pressure—620 MPa, 3 three
point bending method.

The rectangular green compacts (15 x 4 x 4 mm?), suitable for dilatometry experi-
ments, were prepared by uniaxial pressing at a compaction pressure of 400 MPa. The green
density was measured using the geometrical method, i.e., from weight and dimensional
measurements. It was calculated to be about 87% of the theoretical density.

Sintering was performed in a Netzsch 402C dilatometer (Netzsch Geratebau GmbH,
Selb, Germany). The samples were placed with their length oriented parallel to the direction
of nitrogen flow (Figure 3).

Sintering cycle consisted of heating at 10 °C/min. directly to the isothermal sintering
temperature of 600 °C, at which the compacts were held for 60 min, and cooled at 20 °C/min.
to room temperature. Nitrogen of 5.0 purity was used as the gas atmosphere. The gas linear
flow was assumed as a linear speed of the gas moving within the dilatometer’s pipe taking
into account the available cross section for the free gas flow. Different gas linear flows were
analysed to determine at which value of gas flow, the complete removal of the lubricant
and the densification of the powder can be achieved, as well as to determine the gas linear
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flow which does not result in the removal of the lubricant and the densification of the
sinter. Therfore, the linear flow (v) estimated in this way were fixed for 6 and 120 cm/min.
Assuming that the nitrogen gas is incompressible and the its thermophysical properties
at 600 °C and at atmospheric pressure are characterised by density p = 0.3857 kg/m3 and
dynamic viscosity v = 38.02 x 107 Pa-s [14-16], it can be stated that the nitrogen flow for
both linear flows was laminar, since the calculated Reynolds numbers in a tube furnace
(Re = p-v-D/v) are close to 0 for a flow rate of 6 cm/min. and to 2 for 120 cm/min.

Nitrogen linear flow
6 and 120 cm/min.

| Compact | ;
] '

I : \I / [

Alumina supports

Figure 3. Schematic representation of the compacts” location in the dilatometer.

For microstructural investigations, cross sections parallel to the compaction direction
were prepared. Raw powders and cross-sections, which were made parallel to the pressing
direction, were observed on green and sintered compacts by a JEOL JSM 5510LV (JEOL
Ltd. Tokyo, Japan) equipped with energy dispersive spectroscopy to IXRF 2000 analyser
(IXRF, Inc., Austin, TX, USA) and by an optical Leica microscope (Leica Microsystem,
Wetzlar, Germany).

3. Results

Figure 4 shows the relationship of relative density vs. atmosphere linear flow. Based
on previously published our earlier research [6,7], to determine the effect of different
manufacturing process parameters on the integrity of the manufactured components, it
was determined that, nitrogen flow seems to be a crucial parameter determining the densi-
fication behaviour of compacts during sintering. Only high gas linear flow 120 [cm /min]
supports shrinkage and enables the production of sintered compacts with residual porosity.
The same compacts swell when sintered at the same temperature but under lower gas flow
conditions than 120 [cm/min)].

100
98 99.12
9 -

94 -

90 -

Relative density [ % ]
N
[}

88

86 -

84

0 20 40 60 80 100 120 140
Atmosphere linear flow [ cm/min |

Figure 4. Relative density (%) of sintered Alumix 431D vs atmosphere linear flow (cm/min).

Dilatometry curves shown in Figure 5 demonstrate the dimensional behaviour of
compacts made of Alumix 431D powder that had undergone the same thermal cycle
during sintering. The only difference in sintering conditions was the linear flow of nitrogen.
To interpret the kinetic of dimensional changes, the derivative curves (dimensional change
rate curves) were also constructed (Figure 6).
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Figure 5. Dilatometry curves for sintering of Alumix 431D compacts containing 1.5 mass% of
Acrawax C at different nitrogen linear flows.

— 120 cm/min. =6 cm/min. — Temperature
0.005 650
A - 550
=- O T \ T T OL)
'E - 450
= o
(]
o\ '0005 N = 350 §
3 o
B [
< .0.01 250 g
3 5
-0.015
- 50
-0.02 -50
0 50 100 150 200
Time, min.

Figure 6. Dimensional change rate curves for sintering of Alumix 431D compacts containing
1.5 mass% of Acrawax C for different nitrogen linear flows.

Figure 7 demonstrates the abnormal dimensional behaviour of the material sintered
by slow gas flow at the beginning of the cooling period. Typically, the transition from
the isothermal to cooling steps is accompanied by a sudden, although small, enhanced
shrinkage of the sintered material, which is also the case for Alumix 431D compacts sintered
at the high nitrogen linear flow. In contrast, at the same point in the thermal run, some
sudden swelling appears in compacts sintered at the low gas velocity.
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Figure 7. Detailed (from Figure 5) dimensional change rate curves related to the beginning of the
cooling stage after the isothermal sintering step for different nitrogen linear flows.

4. Discussion

The effect of gas velocity on dimensional changes is evident (Figure 5) where, at a
high linear flow, a significant shrinkage is produced, while a low linear flow leads to a
final swelling. This finding was also confirmed by additional tests carried out on TG, DTG,
and QMS, as described in our previous study [7], where the effect of gas linear flow on the
removal of the lubricant was analysed.

It is worth emphasising, that the QMS results unambiguously document that the
primary Acrawax C decomposition products are volatile. During heating, the large organic
molecules break apart and degrade into lower mass products, such as simple H,O or CO,
compounds, as well as into low mass hydrocarbons. No chemical interactions between
nitrogen molecules and the released gases were recorded. Thus, in view of de-lubrication,
nitrogen acts merely as a transport agent of volatile degradation products. If the transport
is insufficient, involatile carbonaceous residues are formed [7].

Initially, during the first heating period, only thermal expansion occurs. It has to be
noted that there are no visible dimensional effects related to the de-lubrication. Thus, it
can be stated that, for the chosen heating rate, the network of open pores was sufficient to
allow free transport of melted and evaporated lubricant and its gaseous decomposition
products from the interior to the surface of the compacts. Independently of the gas linear
flow, a transient swelling starting at about 460 °C is observed, which is attributed to the
transient liquid phase flinear formation [6], simply by the melting of the master alloy
particles. Meanwhile, according to GoodFellow, for the solid alloy type 7075, the lowest
melting point is 477 °C. The amount of this swelling is partly related to the difference in
densities of solid and liquid master alloys, but mainly attributed to the distribution of the
transient liquid on aluminium particles. The temperature of 450 °C, at which the swelling
proceeds, corresponds to the temperature of amorphous — y-crystalline transformation
in alumina [12], leading to the disruption of this oxide layer. Owing to the contact of the
liquid alloy wetting the revealed aluminium, further oxide layer disruption may occur by
alumina—-aluminium interface penetration [8]. Thus, the principal mechanisms of fracture
and debonding behaviour of the alumina layer taking place during aluminium sintering in a
nitrogen atmosphere are as follows: thermal expansion mismatch, volume changes, liquid
alloy formation and interfacial penetration, and erosion through formation of volatile
species [7,8,12]. As a result of the significant increase of the liquid alloy—aluminium
interface, an enhanced dissolution of aluminium in the liquid develops, which in turn



Metals 2021, 11, 1259

8 of 10

causes the disappearance of the liquid in a short time. This moment corresponds to the end
of swelling. It is seen in Figure 5 that the transient swelling reaches its maximum at ~540 °C
for compacts sintered at the higher gas linear flow, and at ~560 °C for those sintered at
the lower gas linear flow. Then, a persistent liquid alloy appears [6], which makes the
transition to shrinkage possible. Now, the effect of the atmosphere velocity becomes more
evident. The same amount of swelling and the same rate of swelling (Figure 6) during
heating suggest that the composition and the amount of the transient liquid phase are
not influenced by the gas flow. However, it seems that this is not true for the persistent
liquid. It is known from liquid phase sintering theory that, to promote densification, the
liquid should be able to spread throughout the surface of the contacting solid phase, which
requires good wettability in the system. As Figure 5 clearly shows, the high linear flow of
nitrogen is necessary to assure the beneficial conditions producing shrinkage. In contrast,
incomplete removal of lubricant’s decomposition products from the compacts sintered at
the low gas linear flow dramatically deteriorates densification. This is a consequence of the
stable de-lubrication products that remain within the compact as a layer on pores’ surfaces,
significantly reducing wettability and, in this way, also particle rearrangement.

Dimensional change rate curves in Figure 6 confirm the same behaviour of the tran-
sient liquid for both nitrogen flows. In contrast, the effect of the persistent liquid on the
densification rate is strongly dependent on nitrogen velocity: particle rearrangement is
hardly evident at low linear flow, while that mechanism of shrinkage seems to be highly
developed when sintering is performed with fast flowing nitrogen. Of course, high den-
sification is accompanied by the desired microstructure formation characterised by only
uniformly distributed small residual pores, which is documented in Figure 8. In contrast,
sintering at a low nitrogen linear flow produces poorly sintered compacts (Figure 9), with a
high densification area only within the central part, while exterior regions of about 100 um
in depth are poorly sintered.

100 um

Figure 8. Typical microstructure of the compacts made of Alumix 431D powder containing 1.5 mass%
of Acrawax C sintered at a nitrogen linear flow of 120 cm/min.

Furthermore, the influence of the different nitrogen linear flow on mechanical prop-
erties of investigated materials is documented in Figure 10. The experimental results
also confirm the well-known fact in powder metallurgy that an increase in densification
contributes to an improvement in mechanical properties. In any case, the effect of nitrogen
linear flow is more pronounced.

Aditionally, backscattered SEM observations of as sintered compacts were also per-
formerd, and some images were published in our previous paper [6]. It was found that
some decoration of grain boundaries by the precipitated phases and within the matrix
grains was found. Thus, it can be assumed that nitrogen also promotes the precipitation of
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dispersion phases. It is well known that 7xxx series alloys are suitable for strengthening
through precipitation mechanisms [11,17].

Figure 9. Typical microstructure of poorly sintered compacts made of Alumix 431D powder contain-
ing 1.5 mass% of Acrawax C sintered at a nitrogen linear flow of 6 cm/min.

290 5 6 cm/min
180 - .
——30 cm/min
160 - .
'E ——60 cm/min
5140 ——90 cm/min
:120 ) ——120 cm/min
100 -
c
@ 80 -
i
w 60 -
g 40 -
2 20 -
o T T T T T T T T 1
0 1 2 3 4 5 6 i 8 9
Elongation [%]

Figure 10. Tensile test curves registered to failure for specimens sintering at 600 °C temperature
under different gas linear flows.

The phases present in the sintered compact produced were identified by X-ray diffrac-
tion. Among a large number of possible intermetallic phases that can be formed between
elements present in the experimental alloy, MgZn,; was detected unambiguously. Spinel
MgAl,O4 and a phase Als0MgygCu, were also identified. There are also some indications
that other phases, like Al,Cu, AlCus, or AIMg, are also present [6].

The abnormal swelling behaviour in Figure 6 was not analysed in the present work. It
was already shown [6] that, at the beginning of the cooling period, the persistent liquid
phase solidifies. Thus, swelling may probably result from the limited homogenisation of
the material taking place during sintering at a low nitrogen linear flow. Homogeneous
alloy formation is hindered in this case by the involatile carbonaceous residues present
within the compacts, which reduce the amount of persistent liquid and, with a lack of
wettability, also impede its distribution. Thus, at this stage of investigation, we can assume
that swelling is an intrinsic property of the liquid phase during its solidification.

5. Conclusions

Relatively low sintering temperature of Alumix 431D compacts requires the use of
lubricants that can be almost fully removed during heating occurring before isothermal
sintering. Acrawax C is recognized as the best lubricant fulfilling this requirement. The cur-
rent experiments showed that the de-lubrication behaviour and lubricant removal strongly
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depend on the linear flow of the sintering atmosphere. At insufficient nitrogen velocity,
dewaxing is not complete, which significantly impedes or even eliminates the densification.
In contrast, fast flowing nitrogen effectively removes the lubricant’s decomposition prod-
ucts away from the pore network and de-lubrication zone. Thus, a significant shrinkage is
produced and the sintered compacts are nearly fully dense.

6. Patents

Patents resulting from the work are reported in this manuscript. Patent PL Nr
222107—Sposoéb wytwarzania spiekanych elemntéw o osnowie aluminium cechujacych sie
resztkowa porowatoscia (Method of producing sintered aluminium matrix components
with residual porosity).
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