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Sintering behaviour of compacted water-atomised iron powder: effect of initial
state and processing conditions

Johan Wendel , Swathi K. Manchili, Eduard Hryha and Lars Nyborg

Department of Industrial and Materials Science, Chalmers University of Technology, Gothenburg, Sweden

ABSTRACT

Conventional ferrous powder metallurgy relies on uniaxial die-pressing of powder before
sintering. The operation causes particle rearrangement and deformation and the initial state
of the compact ultimately determines the sintering behaviour. In this study, sintering was
investigated for water-atomised iron powder compacted at three different pressure levels,
with and without admixed graphite. Electron back-scatter diffraction of the powder and
compacts showed a large increase in low-angle grain boundaries after compaction. The
sintering of the compacts was investigated by means of dilatometry in hydrogen. The initial
compaction strongly influences sintering shrinkage, particularly in the low-temperature,
high-diffusivity ferrite region which can account for up to 80% of the recorded shrinkage.
Only a small fraction of the total shrinkage originates from the austenite phase, even at high
sintering temperatures. However, the ratio of sintering shrinkage in ferrite and austenite
changes with compaction pressure, carbon content and heating rate.
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Introduction

In conventional powder metallurgy (PM) of ferrous

components, a mix of iron powder, lubricant and

graphite is put into a die and subjected to large

pressure to force the metal powder particles to acquire

a desired shape [1]. After compaction, both the geo-

metry and density of the compacted powder are

close to the desired one for the final component.

During the compaction step, various levels of particle

rearrangement and deformation are introduced with

rotational and translational movements of particles

at low compaction pressures and additionally elastic

and plastic deformation of particles at higher compac-

tion pressures [2–4]. Uniaxial die-compaction also

gives rise to green density gradients due to die-wall

friction, which may cause distortion and loss of toler-

ances in the final component during sintering if not

controlled properly [5–8]. On a microstructural

level, changes in the pore structure are observed in

green compacts, with elongated pores present mainly

perpendicular to the compaction direction as the con-

tact areas between the powder particles become larger

[9,10]. The interparticle contact regions also further

change through sintering during which a self-acti-

vation effect of the material in regions of increased dis-

location density can enhance the sintering process

[11–13]. This structural activity and its role during

sintering can, in turn, be further affected by several

processing parameters such as compaction pressure

and heating rate [12,14]. In this way, the mass trans-

port mechanisms that govern sintering are altered in

the interparticle regions, for example by additional

diffusion that takes place through dislocation pipes

[15–18]. The sintering rates are thereby increased,

especially at low temperatures [16,19], which ulti-

mately affects the densification behaviour of the

material. Although the annealing of imperfections

during sintering indicates a decreasing contribution

of the structural activity with temperature and time

[12,18,20], further studies are needed to clarify its

effect on sintering, especially in relation to geometrical

effects [12]. However, it should be emphasised that

since the powder used in conventional press and sinter

PM of ferrous components is normally coarse, the sur-

face area and driving force for sintering is relatively

low, and consequently only small shrinkages are

expected.

Apart from the physical conditions required for

successful sintering, derived from the compaction of

the powder, chemical considerations also have to be

taken into account to fully capture the nature of the

sintering behaviour [21]. For an effective creation of

sinter necks, it is essential to at least partially remove

the surface oxides to facilitate the material transport

mechanisms involved in sintering [22,23], including

carbon dissolution [24]. Several previous studies

have neglected the atmospheric influence, sintering

instead in vacuum (5×10−2 Pa) or argon [15–20], in
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which low-stability iron oxides cannot be effectively

reduced at low temperatures [22], which leads to

enclosure of oxide fragments [22,25]. The presence

of oxides in the interparticle regions, either as a con-

tinuous surface oxide layer on powder particles or as

discrete oxide particulates of fragments, may affect

the mass transport between particles [23,26–28], and

thereby also contribute to sintering anisotropy [28].

Consequently, it is believed that additional studies

are needed to accurately capture low-temperature sin-

tering shrinkage effects that arise due to compaction,

especially for low-alloy steel powder grades containing

e.g. Cr, with even higher requirements on sintering

atmosphere control [22,25]. Common industrial sin-

tering practice is, therefore, to use hydrogen as a

low-temperature reducing component in the proces-

sing atmosphere to remove unwanted oxygen and pre-

vent it from interfering with the sinter neck

development [22]. Since compaction affects the inter-

particle regions through the creation of larger contact

areas as well as by enclosing oxides and limit access to

the process atmosphere [25], there is an important

interdependence between particle deformation and

sintering atmosphere which will affect the subsequent

sintering.

In this study, the sintering behaviour was analysed

for two powder size fractions, sieved to below 45 and

75 µm. The initial states of the powder and compacted

green samples were studied by means of scanning elec-

tron microscopy (SEM) combined with electron back-

scatter diffraction (EBSD). The microstructural defor-

mation of the metal powder particles was related to the

compaction pressure and information about the state

of the material before sintering was provided. The sin-

tering behaviour of the compacts was then investi-

gated with dilatometry using a hydrogen atmosphere

to reveal effects of the compaction and influence of

atmosphere. Both low, 600–800°C, and high, 1350°C,

sintering temperatures were used. Reference samples

were measured to be able to distinguish the sintering

shrinkages from thermal expansion at each step of

the sintering cycle. Furthermore, the compaction

effects were also investigated in conjunction with a

selection of starting material conditions and proces-

sing parameters, such as varying compaction pressure,

carbon addition and heating rate, to provide an over-

view of the sintering behaviour of water-atomised iron

powder.

Materials and experimental procedure

Water-atomised iron powder was provided by Höga-

näs AB, Sweden. The powder is nominally pure iron,

but about 0.1 wt-% oxygen and minor amounts of

trace elements are typically found. The powder was

sieved to two size fractions of maximum 45 and

75 µm, from now on referred to as Fe45 and Fe75,

respectively. For compaction of samples, the powder

fractions Fe45 and Fe75 were mixed with 0.6 wt-%

LubeE as lubricant and one batch of each powder frac-

tion also had 0.4 wt-% carbon as admixed UF4 natural

graphite (Kropfmühl). The compaction was done

using a small automatic press at Höganäs AB using

compaction pressures of 400, 600, and 800 MPa.

Cylindrical samples were produced with 11.3 mm in

diameter and 13.5–14.7 mm in height depending on

the compaction pressure applied, with a sample mass

of approximately 10 g. The green densities of the

samples were in the range 86–93% of the theoretical

value for iron. Delubrication was done at 450°C in

argon (99.999%) for 30 min.

Following compaction and delubrication, analysis

of the powder was done by means of SEM using a

LEO Gemini 1500 FEG-SEM coupled with EBSD to

reveal the deformed structure of the powder particles

and compacts. Detailed maps were acquired with a

step size of 0.1 µm. The acceleration voltage applied

for EBSD analysis was 20 kV with a working distance

of 15–20 mm, using Nordlys software (Oxford Instru-

ments). The low- and high-angle grain boundary mis-

orientation limits were set to 2° < θ≤ 10° and θ > 10°,

respectively, whereas local misorientation maps (Ker-

nel Average Misorientation, KAM) were created using

a kernel exclusion angle of 2°. All EBSD maps were

produced with the Channel 5 software (Oxford

Instruments).

Sintering of Fe45 and Fe75 compacts was con-

ducted in a Netzsch 402 C push-rod dilatometer. All

experiments were conducted in high-purity hydrogen

atmosphere (99.9999%) flowing at 100 ml min–1 to

ensure reducing conditions throughout the entire sin-

tering process. Several low-temperature sintering trials

were conducted to characterise the sintering in this

range. The samples were heated in the range 600–

800°C with a heating rate of 30°C min–1, held for 1

h, and cooled down to room temperature at 30°

C min–1. High-temperature sintering experiments

were conducted during which samples were heated

up to 1350°C, held for 30 min, and then cooled

down to room temperature at 30°C min–1. The heating

rate of the experiments was varied in the range 10–30°

C min–1. Final sinter densities were determined by the

Archimedes water-immersion method.

Results and discussion

Powder and green state characterisation

Water-atomised iron powder typically has highly irre-

gular particle morphology with smooth surfaces on a

local level on which small oxide particulate features

are randomly distributed. Details about the surface

chemistry of water-atomised powder grades can be

found elsewhere [22,29–31], but it should be noted
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that the majority of the surface of the powder particles

are covered by a thin iron-rich oxide layer which may

interfere with sintering if it acts as a barrier to material

movement between particles [22,23,27]. The compres-

sibility of plain iron is good due to the low-yield

strength of the material, resulting in green compacts

of high density which is a requirement for achieving

high sinter densities. A lower compaction density is

commonly observed for fine powder fractions due to

powder packing effects like higher interparticle fric-

tion [32], resulting in a slightly higher porosity for

the Fe45 samples. Additionally, the added graphite

negatively affects the green density as it takes up

volume. With increasing compaction pressure, the

powder mixes become increasingly dense. The inter-

particle contact areas eventually become flattened

and increase in size which ultimately leads to a

lower increase in density at high compaction pressures

[1,2,14,33].

Electron backscatter diffraction was used to give a

qualitative indication of the effects of compaction

pressure on powder microstructure, especially the

plastic deformation in samples compacted at large

pressures. This approach has previously been proved

useful in studying the microstructure of uniaxially

compacted samples [14]. Figure 1(a–f) shows micro-

structures of green samples depicted as grain bound-

ary maps (left column) and KAM maps (right

column) with the compaction direction vertical in

the figure. The top row shows the maps for plain pow-

der that is polished, whereas the middle and bottom

rows show polished green microstructures of samples

from the midsections after being compacted at 400

and 800 MPa, respectively. The grain boundaries of

the grain boundary maps are defined as having a

degree of misorientation, (θ), of 2° < θ≤ 10° and θ >

10° for low- and high-angle grain boundaries, respect-

ively. A collection of low-angle grain boundaries

within a region can represent walls or arrays of dislo-

cations, allowing for a convenient way of representing

the deformation [34]. From the left column of Figure 1

it is seen that plain, non-compacted powder is vir-

tually free of low-angle grain boundaries (1a), whereas

the compacts show a higher concentration (1c and 1e).

The deformation of particles is then clearly not uni-

form but is confined to certain areas, mainly localised

in the vicinity of inter-particle contact regions, i.e.

near the edges of the particles. Consequently, smaller

particles or small sections of larger particles will

have a larger fraction of their total volume deformed

than large particles. There is thus a particle size depen-

dence of the deformation. The deformed regions with

an increased amount of low-angle grain boundaries,

indicating an increased dislocation density, will then

start to recover and recrystallise at some elevated

temperature during the sintering process. This will

act to refine the grain structure of the particles on a

local level, particularly at the edges of the particles,

where they are in contact with other particles in the

green compact. During the subsequent sintering, the

increased grain boundary and dislocation density in

these areas is likely going to affect the magnitude of

mass transfer and thus sintering by an enhancement

of grain boundary and dislocation pipe diffusion as

the atoms can easily diffuse in the fine-grained recrys-

tallised inter-particle regions. Apart from the grain

boundary structure, there is also evidence of small (θ

< 2°) misorientations across the microstructure, see

the right column of Figure 1 depicting the KAM

maps. These maps can capture small lattice rotation

and strain effects and highlight local differences

between regions in the microstructure [35], with the

small strains in this case typically localised to the par-

ticle edges and in the interparticle contact regions.

However, the compacted samples also show relatively

large intra-granular and intra-particle strains com-

pared to the un-deformed powder, indicating that

the deformation effects traverse the entire particle

even if not recorded as low- or high-angle grain

boundaries. Previous investigations, utilising EBSD

to analyse green compacts, also highlight differences

in particle boundary orientations where contacts, per-

pendicular to the compaction direction, have a larger

concentration of dislocations than contacts parallel

to the compaction direction [14,19]. No significant

difference between samples compacted at 400 and

800 MPa could be observed in this investigation, but

such a comparison would require an in-depth EBDS

analysis.

Low-temperature sintering behaviour

The initial stages of sintering were investigated by per-

forming a series of low-temperature isothermal sinter-

ing trials in the range 600–800°C, see Figure 2(a–c).

Based on the bulk chemical composition of the pow-

der, i.e. nominally pure iron powder, the bcc structure

of ferrite is expected up to the ferrite to austenite

transformation temperature of around 910°C. The

self-diffusion coefficient of iron in high-purity iron

decreases dramatically from 4-5E-11 cm2 s-1 at around

900°C [36,37] to 5.1E-13 cm2 s−1 at 970°C [36]. At the

transformation temperature, the diffusion coefficient

was reported to be 660 times higher in α-Fe than

that of γ-Fe [36]. Only at approximately 1200°C is

the diffusion coefficient in austenite similar to the

one at 900°C in ferrite [37], highlighting the significant

influence of the phase on diffusion. In addition, the

diffusion coefficients (both grain boundary and

volume) have also been shown to be influenced by

the magnetic transition at the Curie point (∼770°C),

as well as by the presence of impurity elements

[37,38]. Consequently, the sintering activity is
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expected to be relatively large in the low-temperature

ferrite region.

From the dilatometry experiments in Figure 2, it is

seen that at 600°C (2a), only small amounts of shrink-

age take place for all samples regardless of compaction

pressure. At 700°C (2b), the resulting shrinkages begin

to deviate from each other with the sample compacted

at the highest compaction pressure producing the lar-

gest shrinkage. This trend continues at 800°C (2c),

where shrinkage increases up to three times than

Figure 1. EBSD maps depicting the deformation effects of plain powder and green samples compacted at 400 and 800 MPa,
respectively. Left column (a, c, e): Grain boundary maps with low-angle grain boundaries as red lines and high-angle grain bound-
aries as black lines. Right column (b, d, f): KAM maps illustrating the prevalence of small (θ < 2°) misorientations.

Figure 2. Low-temperature isothermal sintering of samples compacted at three different pressures and sintered at different temp-
eratures; (a) 600°C, (b) 700°C, (c) 800°C.
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that at 700°C. Larger differences, between the isother-

mal shrinkages for samples compacted at different

compaction pressures, become increasingly evident

at elevated temperatures. The sample compacted at

400 MPa shows only slight shrinkage even at 800°C,

similar to the shrinkage recorded at 600°C. The low

compaction pressures mean that the particles are

mainly subjected to rotational and translational move-

ments during compaction, as explained previously,

but plastic deformation cannot be ruled out [4,14],

as also indicated in Figure 1. However, the resulting

cross-sections of the interparticle regions are relatively

small with a comparatively small sintering response

and no significant effect from the deformation-

enhanced diffusivity can be expected. Samples with

higher initial green densities, i.e. with larger interpar-

ticle contact areas and more pronounced particle

deformation, will exhibit much larger shrinkages due

to the increase in geometrical factors that are further

accentuated by the increase in temperature

[12,14,18,19]. It must be emphasised that many of

the previous findings, see e.g. [14], disregard the likely

effect of the processing atmosphere on densification,

so a direct comparison of the magnitude of shrinkages

is difficult. Nevertheless, a similar trend was

observed [14].

Fracture surfaces of samples sintered at 700°C can

be seen in Figure 3(a–d). Samples compacted at

400 MPa (3a) are initially less deformed on a particle

level, which translates into lower sintering shrink-

age. Consequently, the sinter necks are not as well

developed as for samples compacted at higher press-

ures, where larger interparticle necks can be seen. It

is important to note that some neck formation is

observed in all cases, which indicates removal of

the iron oxide layer by hydrogen. It is also likely

that surface diffusion plays a more dominant role

in the sintering of the samples compacted at

400 MPa, something which adds strength to the

compacts even without densification [39]. Samples

compacted at 600 or 800 MPa, see Figure 3(b,c), sin-

ter to a much larger extent and show a larger

amount of clear ductile fractures of the broken sin-

ter necks across the particle surfaces with pro-

nounced sinter neck formation already at these

low temperatures.

Previous investigations of these sintering effects at

low temperature have mostly been conducted in vac-

uum conditions [14–19], which can have a profound

effect on the measured sintering shrinkage. As dis-

cussed previously, a hydrogen-containing atmosphere

will facilitate reduction of the surface oxide layer at

around 400°C for plain water-atomised iron powder

[31]. This ensures that the powder particles are in

direct metal–metal contact with each other, thereby

enabling the mass transport of metal atoms into the

growing sinter neck regions. The fracture surface of

a sample sintered at 700°C in nitrogen, see Figure 3

(d), does not indicate the presence of any major sinter

neck formation. Additionally, the surface oxide layer

morphology is changed, indicating a more pro-

nounced surface oxidation in the absence of a strong

reducing agent. The result will be similar if a ∼10−2

Pa vacuum is used as iron oxides do not dissociate

under these conditions at low temperatures [40].

This result emphasises the importance of the oxide

layer reduction in order to ensure metal–metal con-

tacts between powder particles to allow sintering to

take place. Only when this condition is fulfilled the

actual kinetics of the sintering process can be revealed.

Figure 3. Fractographic images of compacts sintered at 700°C: (a) 400 MPa, (b) 600 MPa, (c) 800 MPa, (d) 800 MPa, N2.
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This reasoning also applies to an industrial setting

when sintering is typically accompanied by reducing

agents; hydrogen, carbon monoxide or graphite that

can reduce the oxide layers between the metal powder

particles.

Full cycle sintering behaviour

The sintering experiments performed at low temp-

eratures do not reflect an industrial sintering

cycle, but effectively only capture the initial effects

during a real sintering heating stage. However,

they can become relevant in revising industrial sin-

tering cycles to improve densification. Full sintering

experiments were, therefore, conducted using sev-

eral different starting conditions and process par-

ameters, see Figure 4(a–d) showing dilatometric

results for samples of Fe75 and Fe75 + 0.4 wt-% C

at various pressures and heating rates. The results

from Fe45 and Fe45 + 0.4 wt-% C samples are

omitted here, but the same trend as the Fe75

samples is followed however with a slightly

increased amplitude in shrinkage due to the smaller

particle size. The final sintering temperature was

1350°C and all sintering cycles were done in a

pure hydrogen atmosphere to ensure complete

reduction of all relevant oxides. Note that while

the chosen sintering temperature is well above the

industrial sintering practice of 1120–1250°C, the

present results cover a broader range of solid-state

sintering of iron powder that is of interest when

depicting sintering kinetics.

Figure 4(a) shows the influence of compaction

pressure on the sintering shrinkages of the plain

Fe75. It can be seen that the high green density sig-

nificantly improves the total shrinkage. A detailed

analysis of the dilatometry curves shows that most

of the shrinkage takes place in the upper temperature

of the ferrite region, just below the α→γ transform-

ation where the diffusivity in the ferrite is at high.

The altered initial state of the highly compacted

samples, in terms of increased proximity and coordi-

nation number of powder particles, and thus large

interparticle contacts, also plays a major role when

determining the shrinkage. The strong effect of

pressure on sintering in the ferrite region confirms

that the magnitude of shrinkage is directly connected

to the improved mass transport between the powder

particles. Consequently, an improved configuration

of powder particles, together with the fast diffusion

rates in ferrite, strongly affects the sintering shrin-

kages [14,15,18,19].

Figure 4(b) shows the effects of adding carbon, as

graphite, to the powder before compaction for samples

sintered with a heating rate of 10°C min–1. Despite the

very low solubility of carbon in ferrite, there is a visible

effect recorded by the dilatometer in terms of a slight

shifting downwards in temperature of the shrinkage

close to the transformation. Considering that sintering

is done in high-purity hydrogen, the surface oxide

layers are removed at relatively low temperatures;

this ensures the presence of pure metal surfaces in

the upper ferrite region allowing for graphite dissol-

ution and sintering. The dilatometer response can,

therefore, be partly explained by a small amount of

graphite being dissolved in the ferrite matrix at low

temperatures that upon further heating promotes the

formation of austenite, thus leading to a blurrier

Figure 4. Fe75 sintering cycle matrix. (a) Varying compaction pressure at 10°C min–1, (b) with added carbon. (c) Isothermal shrink-
age at 1350°C for four sintering conditions, (d) with added carbon.
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α→γ transformation, c.f. Figure 5. However, it should

be stressed that significant carbon dissolution is poss-

ible only after the removal of the surface oxide layer

and after the material is transformed into austenite

[24,41], again emphasising the importance of the

oxide layer reduction not only for sinter neck devel-

opment but also for carbon dissolution. At higher

temperatures, the sintering curves initially follow

the coefficient of (linear) thermal expansion (CTE)

of Fe75+C samples, but due to rapid carbon dissol-

ution in the iron matrix above 1000°C [24,41], the

melting temperature is lowered. At a given tempera-

ture, the Fe75+C samples will then experience a

higher homologous temperature (T/Tm) and the sin-

tering curve shows progressive shrinkage at elevated

temperatures at a higher rate than for the plain

iron samples. This leads to a relatively larger shrink-

age in the austenite region for the carbon-containing

samples, as shown by the comparison to plain

samples in Figure 5.

Figure 4(c,d) shows the isothermal sintering shrin-

kages for samples prepared using different compaction

pressures and different heating rates. The figures illus-

trate that low compaction pressures lead to large iso-

thermal shrinkages, which are particularly

pronounced in the case of plain iron powder.

Additionally, high heating rates seem to allow for lar-

ger isothermal shrinkages which is believed to be

caused by a conservation of sintering driving forces

to high temperatures. High heating rates have, in

this way, been shown to diminish the contribution

of structural activity to sintering in favour of geo-

metrical effects [12]. The effect of carbon addition is

also clearly seen where larger shrinkages are recorded

compared to plain iron samples. This is related to the

melting temperature being lowered by the dissolved

carbon, causing diffusion rates and sintering activity

to increase as the homologous temperature (T/Tm)

will be higher.

To distinguish between sintering shrinkages taking

place in different regions of the sintering cycle, each

dilatometer curve was separated into three principal

parts; the (i) ferrite, (ii) austenite and (iii) isothermal

sections, similar to previous analyses of dilatometric

curves [6,14]. The total shrinkage was taken as the

sum of the shrinkages in these regions. The shrinkages

in ferrite and austenite ranges were taken from the

heating stage of the sintering curve, as negligible

amounts of shrinkage were assumed to occur during

cooling. To evaluate the shrinkage in each region,

the sample sintering curves were compared to the

CTE values evaluated from two reference samples of

Fe75 and Fe75+C, giving the predicted expansion of

a solid sample during heating, see Figure 5. The refer-

ence samples were sintered multiple times in order to

minimise any influence from sintering on the CTE

values, which were then acquired as the average values

in 200–900 and 200–700°C for Fe75 and Fe75+C in

ferrite, respectively, and 950–1250°C for expansion

in austenite. The CTE values were determined to be

approximately 15.6 and 15.5 E-6 K−1 for expansion

in ferrite and 23.2 and 22.5 E-6 K−1 for expansion in

austenite, for Fe75 and Fe75+C samples, respectively,

see Figures 5 and 6. Table 1 shows the results of the

analysis. It should be noted that there are potential

difficulties in determining the onset of the ferrite-aus-

tenite transformation as the end of the ferrite region is

subject to large sintering shrinkage overlapping with

the contraction of the transformation. In addition,

the partial dissolution of graphite close to the particle

edges, as explained previously, will further distort the

ferrite-austenite transformation. The predicted expan-

sion in ferrite is calculated from 200°C to the onset of

the α→γ transformation. The shrinkage from the

dilatometer curve in this range is then subtracted

from the expansion to yield the real ferrite shrinkage.

The predicted expansion in austenite is calculated

from 950 to 1250°C and the recorded shrinkage is

Figure 5. Sintering curves of Fe75 and Fe75+C compacted at 800 MPa and heated at 10°C min–1. The CTE references are included
as dotted lines.
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then subtracted from the expansion to yield the real

austenite shrinkage. Since no expansion occurs during

the isothermal section, the shrinkage values can be

extracted directly.

A summary of these calculations is illustrated in

Figure 6 in which Fe75 samples, compacted at three

different pressures, are analysed. At around 500°C

the sintering curves start deviating noticeably from

the predicted linear expansion governed by the

inherent CTE. At around 700°C, the curves then

start deviating from each other, in line with the low-

temperature experiments performed at this tempera-

ture. The difference is enhanced by further increasing

the temperature up to the transformation temperature

at ∼910°C. At just before the transformation, the com-

paction effect on sintering is most dramatic, whereas

the sintering is essentially halted after the transform-

ation. The crystallographic dependence, on the diffu-

sion coefficients of grain boundary and volume

diffusion, is clearly seen, and the densifying diffusion

mechanisms become largely inactive. Consequently,

the majority of the heating stage in the austenite

phase is characterised by a linear expansion with

temperature, indicating that only thermal expansion

is active, and no sintering shrinkage is taking place.

Approaching the sintering temperature of 1350°C,

there is a slight shrinkage in the isothermal section

of the sintering curve. The magnitude of this shrink-

age is greater for samples compacted at low pressure,

which indicates that the more open structure of the

lightly sintered material can accommodate larger

shrinkage. This is the reverse behaviour compared to

the compaction effect of sintering that takes place in

the high-diffusivity ferrite region. The procedure was

applied on all sintering curves and the result is sum-

marised in Table 1.

As indicated in Figures 5 and 6 and further shown

in Table 1, large parts of the measured shrinkages

take place in the ferrite region. A similar trend was

noted elsewhere [14], but refers to experiments con-

ducted in argon. However, as mentioned previously,

this is believed to not represent the relevant indus-

trial case when low temperature reduction is enabled

by hydrogen. Adding carbon allows for additional

shrinkage in the austenite region where plain iron

is normally less active. This is illustrated in Figure

7(a,b) where Fe75 and Fe75 + C samples are com-

pared with respect to the fractional shrinkage that

takes place in each region. The effect is especially

prominent for plain samples compacted at high

pressures where over 80% of the total shrinkage

takes place in ferrite. At low compaction pressures,

the austenite part of the heating stage and the iso-

thermal sintering hold will be increasingly important.

For carbon-containing samples, the ferrite shrinkage

still has the largest effect, but the austenite region

contributes more to the overall sintering shrinkage.

With lowering final sintering temperatures, the aus-

tenite/isothermal shrinkages will also diminish

accordingly, thus making the ferrite shrinkage even

more dominant.

Figure 6. Sintering curves of Fe75 and Fe75+C compacted at
800 MPa and heated at 10°C min–1. Methodology for deter-
mining the sintering shrinkage in each region.

Table 1. Sintering shrinkages in different regions of Fe45, Fe45 + C, Fe75 and Fe75 + C samples.

Sintering shrinkages (%) measured by dilatometry

Region\sample
400,
HR5

400,
HR10

400,
HR30

600,
HR5

600,
HR10

600,
HR30

800,
HR5

800,
HR10

800,
HR30

Fe45
Ferrite 0.34 0.36 0.36 0.60 0.67 0.57 0.98 0.96 0.86
Austenite (excluding iso.) 0.14 0.13 0.06 0.16 0.21 0.04 0.12 0.10 0.07
Isothermal 0.13 0.19 0.28 0.09 0.07 0.18 0.08 0.11 0.19
Fe45 + 0.4 wt-% C
Ferrite 0.55 0.53 0.53 0.92 0.90 0.82 1.07 0.93 0.88
Austenite (excluding iso.) 0.44 0.28 0.12 0.36 0.29 0.16 0.47 0.45 0.35
Isothermal 0.34 0.43 0.55 0.24 0.33 0.41 0.23 0.33 0.43
Fe75
Ferrite 0.38 0.38 0.47 0.62 0.59 0.53 0.92 0.88 0.77
Austenite (excluding iso.) 0.20 0.16 0.17 0.10 0.07 0.05 0.10 0.09 0.04
Isothermal 0.14 0.19 0.32 0.07 0.09 0.16 0.07 0.09 0.15
Fe75 + 0.4 wt-% C
Ferrite 0.54 0.51 0.52 0.90 0.79 0.83 1.10 0.97 0.81
Austenite (excluding iso.) 0.25 0.16 0.05 0.19 0.13 0.01 0.34 0.24 0.20
Isothermal 0.28 0.33 0.39 0.19 0.23 0.28 0.19 0.25 0.34
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The final densities of the sintered samples can be

seen in Figure 8(a,b). It is seen that the densification

that takes place is similar between samples of different

particle sizes as well as carbon content. The most

notable result is the markedly changed density when

samples compacted at 400 MPa were subjected to

varying heating rates. High heating rates enable the

samples to reach high temperatures in austenite faster,

where a large amount of shrinkage can take place. This

seems beneficial for low green density samples as their

low levels of compaction in the green state cannot

facilitate large shrinkages in ferrite, and the ferrite

should, therefore, be bypassed as fast as possible in

favour of high-temperature austenite sintering. Paral-

lel to the investigations in this study, a novel approach

of adding nanopowder to water-atomised iron powder

has been conducted [42]. These extremely fine powder

particles were shown to enhance sintering, particularly

at low temperatures where the nanopowder becomes

active well before the coarser powder. However, due

to the lower compressibility of powder mixes contain-

ing nanopowder, the final sinter densities were

approximately the same as for samples without nano-

powder. Still, the relation between compressibility and

sintering activity for finer powder fractions requires

further study to reveal their applicability to industrial

sintering practice.

Conclusions

Sintering of ferrous powder compacts is influenced by

several factors; the initial state of the powder and

green compact, and the processing conditions such

as sintering atmosphere. The analyses of plain powder

and green samples with EBSD indicate an increase in

low-angle grain boundaries and local misorientations

in the interparticle contact regions as a result of defor-

mation, with small particles or particle regions having

a larger fraction of their total volume deformed.

Additionally, intra-particle strains can be observed

as a function of the powder particle size. Dilatometry

results show increasingly large sintering shrinkages in

the range 600–800°C both as a function of isothermal

temperature and compaction pressure with a devi-

ation in shrinkages between samples already at 700°

C. Consequently, it can be assumed that shrinkage ani-

sotropy begins around these temperatures with rela-

tively larger sintering shrinkages in the direction

parallel to compaction than perpendicular to compac-

tion in uniaxially pressed samples. The differences are

accentuated as the self-diffusivity of iron increases

towards the end of the ferrite region. Complete sinter-

ing cycles show that a high compaction pressure gives

an overall larger shrinkage, with the effect derived

mainly from the large ferrite shrinkage. Addition of

Figure 7. Fractional shrinkage in each region of (a) Fe75 and (b) Fe75 + C samples.

Figure 8. Final sintered densities of (a) plain Fe45 and Fe75 and (b) carbon-containing Fe45 and Fe75 samples.
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carbon alters the sintering rate in austenite with car-

bon dissolution, leading to overall larger shrinkages

at the isothermal sintering temperature. Despite this,

both plain and carbon-containing samples show simi-

lar final sintering densities due to lower compressibil-

ity. Particle size only marginally affected final sintered

densities, likely due to the trade-off where finer pow-

der particles typically show larger sintering shrinkages

but are compacted to slightly lower green densities.
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