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Abstract: Presently, the majority of titanium powder metallurgy components produced are sintered
under high vacuum due to the associated benefits of the vacuum atmosphere. However, high-
vacuum sintering is a batch process, which limits daily production. A higher daily part production
is achievable via a continuous sintering process, which uses argon gas to shield the part from air
contamination. To date, there has been limited work published on argon gas sintering of titanium
in short durations. This study investigated the properties of thin high green density titanium
strips, which were sintered at the temperatures of 1100 ◦C, 1200 ◦C and 1300 ◦C for a duration of
30 min, 60 min and 90 min in argon. The strips were produced by rolling of −45 µm near ASTM
(American Society for Testing and Materials) grade 3 hydride–dehydride commercially pure titanium
powder. The density, hardness, tensile properties and microstructure of the sintered strips were
assessed. It was found that near-full densities, between 96 and 99%, are attainable after 30–90 min of
sintering. The optimum sintering temperature range was found to be 1100–1200 ◦C, as this produced
the highest elongation of 4–5.5%. Sintering at 1300 ◦C resulted in lower elongation due to higher
contaminant pick-up.
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1. Introduction

Titanium is an engineering material due to its high specific strength, corrosion re-
sistance, and having approximately 60% of the density of steel, it thus can create many
weight-saving opportunities [1]. However, the use of titanium is limited, as it is signifi-
cantly more costly than metals such as aluminum and steel [2]. Due to the current high
cost of titanium, many initiatives have arisen which are driven towards lowering the cost
of titanium, both in its extraction and processing stages. Innovative extractive processes
use thermochemical or electrochemical processes that produce titanium powder by the
reduction of TiCl4 and TiO2, or by electrolysis of TiO2, respectively. Some examples of
these extractive processes are the TiROTM process, the Council for Scientific and Industrial
research (CSIR) process, the Armstrong process, the Albany Research Centre (ARC) process,
the Ono and Suzuki (OS) process and the Fray–Farthing–Chen (FFC) process [3]. Some
examples of innovative powder consolidation techniques include hot isostatic pressing,
vacuum hot pressing, microwave sintering, spark plasma sintering, etc. [3].

A commonly used form of titanium is sheet, which has applications in automobiles,
sports equipment, medical care products, aircraft, etc. [4]. Globally, titanium sheet is
manufactured via the wrought-ingot process, which comprises of many processing steps
and is discussed in detail Section 1.1. A potential alternate process for producing titanium
sheet at a lower cost than the wrought-ingot process, is the direct powder rolling (DPR)
and sintering process which has fewer processing steps than the wrought-ingot process,
and is discussed in detail Section 1.2. The production of titanium sheet via the DPR process
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can be accomplished by either a vacuum sinter process or an inert gas sinter process, which
are also discussed in Section 1.2.

The process of producing titanium sheet via DPR and vacuum sintering, which is
discussed in Section 1.3, is well-established and understood. However, the sintering of
titanium in an argon atmosphere has not been thoroughly investigated and understood,
and there are aspects such as sintering of high-density DPR strips in short durations that
are still to be investigate; this is discussed in Section 1.4. It is beneficial to research the
aforementioned research gap, because if it can be demonstrated that the argon gas sintering
process can produce titanium sheet properties that are equivalent to vacuum-sintered sheet,
the production capacity of the DPR process will increase, as continuous furnaces have
higher productivities than batch (vacuum) furnaces [5]. This is highly likely to significantly
lower the cost of the sheet produced.

The current cost of titanium sheet that is produced from the wrought-ingot process,
in the size range of 1 mm or less, is between 100 and 200 $/kg, based on 2020 Chinese
prices [6]. In comparison, the cost of hydride-dehydride titanium (Ti-HDH) powder varies
between 25 and 75 $/kg, based on 2020 Chinese prices [6]. Thus, there is significant room
for DPR titanium sheet to be potentially cost-competitive against titanium sheet produced
from the wrought-ingot process.

1.1. Titanium Sheet Production from Ingot

Presently, titanium sheet is produced by the wrought-ingot process, which is illus-
trated in Figure 1. This process comprises many heating and rolling steps of ingot titanium,
which is a significant contributing factor to the high cost of titanium sheet. It has been
shown that 47% of the final cost of titanium sheet is from the cost of converting the ingot
to sheet [7]. There are many commercial producers of titanium sheet that produce tita-
nium sheet by the wrought-ingot process, such as TIMET [8] (American manufacturer)
and Nippon Titanium [9] (Japanese manufacturer). As illustrated in Figure 1, this is a
time-consuming and energy-intensive process that involves several steps, thus, there is an
opportunity for the cost reduction in the manufacturing process, if the number of steps in
the production process can be reduced.
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1.2. Titanium Sheet Production from Powder

The roll compaction of titanium powder and sinter routes to produce sheet are il-
lustrated in Figure 2, and are potential alternative routes to produce titanium sheet, in
fewer production stages than the wrought-ingot sheet production process. During the DPR
process, titanium powder is rolled compacted to a high-density sheet, typically referred to
as green sheet in the powder metallurgy (PM) field. The green sheet is thereafter sintered
in a high-vacuum or inert gas furnace to created bonds between the compacted powder
particles, which increases the strength and ductility of the sheet. As illustrated in Figure 2,
the use of argon gas to shield the strip from air allows the sintering process to be continuous,
whereas the use of vacuum atmosphere is limited to batch furnaces.
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1.3. Vacuum Sintering

It has been shown in numerous studies that titanium sheet can be produced by the
roll compaction and vacuum sinter approach, which meets ASTM standards [13–16]. For
example, in a joint study by personnel from Ametek, the Commonwealth Scientific and
Industrial Research Organization (CSIRO) and Oak Ridge National Laboratory, three
methods of titanium sheet production were investigated [17]. The first method involves
cold rolling titanium powder to a green sheet, followed by vacuum sintering, a cycle which
is repeated 5 times to achieve a full-density sheet. The technique of applying multiple
rolling and annealing cycles to achieve full density involves more process steps and also
creates a textured sheet, i.e., a variation of properties in the longitudinal and transverse
directions of the sheet [18], which is not ideal for commercial products.

The second method involves a vacuum-sintered green sheet, which is thereafter hot
rolled to produce a full-density sheet. The third method encapsulates many layers of
titanium green sheet in an evacuated steel can, which is thereafter hot rolled. All three
methods were found to produce titanium sheet that meets ASTM B265 standards. From the
above studies, it is evident that vacuum sintering can produce titanium sheet that meets
industry standard, and thus the vacuum sinter method is well-understood and established.

1.4. Argon Gas Sintering

In a patent by the inventors V.S. Moxson and V.A. Duz of Advanced Materials Products
Inc. (ADMA) [18], an initial cold rolling process of blended titanium alloy powder, e.g.,
Ti-6AL-4V, is described, which produces a green sheet density of 60 ± 20%. Density is
expressed as a percentage of the theoretical density. The green sheet is thereafter rerolled
to produce a green sheet with final density of 99–100%. The green sheet is sintered in a
vacuum furnace or on a continuous belt furnace under an inert atmosphere [18]. However,
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only the vacuum-sintered material properties of the high-density green sheet of alloyed
titanium were reported. There was no report of the material properties that can be achieved
during continuous inert gas sintering of the commercially pure (CP) titanium green sheet.
Thus, there is a need to further research the material properties achievable via inert gas
sintering of titanium green sheet.

The chemicals manufacturer DuPont in the 1950s rolled a sodium-reduced titanium
powder to a green density of 90%, aided by particle-size optimization. The green sheet
was thereafter sintered in a continuous furnace under an inert gas atmosphere [19]. The
produced sheet had high ductility and a superior surface finish. The sintering process
parameters that affected the final hardness of the sheet, were identified as the atmosphere
purity and the time at temperature. Although the properties of the sheet produced were
good, the sintered sheet was not used commercially, as there was significant chloride
content in the sheet which created problems during welding. The temperatures used
during this continuous sintering process and the time duration of sintering were not
reported. Thus, there is a need to investigate and publish the effect of these parameters.

Researchers at Auckland University investigated the effect of sintering titanium in
an argon atmosphere [20]. In the study, −75 µm Ti-HDH powder was compacted to a
green density of 75% by die compaction. Thereafter, the compacts were sintered at each
temperature of 1100 ◦C, 1200 ◦C and 1400 ◦C for 4, 6 and 8 h, in an argon atmosphere
of 99.99% purity. The compacts were 5 to 8 mm in thickness. During the initial stage
of the sintering cycle, the compacts were heated in a vacuum atmosphere of 0.01 Pa to
release volatile matter that is present in the compact, commonly referred to as off-gassing.
Although this is good practice, the sintering cycle effectively consisted of a vacuum and
an argon gas sintering process. Further work should thus investigate the properties of
titanium powder compacts sintered only in an argon atmosphere.

In the study by Auckland University [20], long sintering durations were investigated,
which were in excess of 4 hrs. However, future work should investigate shorter sinter
durations as they are preferred for continuous sintering cycles. Furthermore, it would have
been more beneficial to sinter green compacts with densities greater than 75%, as higher
as-sintered properties are likely thereby attained [21]. Higher green density compacts
generally have less exposed area, which reduces the compact contact area with the furnace
atmosphere and thus reduces contamination pick-up by the compact. Thus, based on the
aforementioned identified shortcomings in the study by Auckland University [20], there is
a need to investigate the properties of green titanium compacts which have a green density
in excess of 75%, that are sintered over short durations. In addition, sintering should be
conducted in an argon atmosphere only without vacuum off-gassing, as this method is
more representative of a continuous inert gas sintering process.

In a recent study by N.S. Muchavi [22], −150 µm and −45 µm Ti-6Al-4V powders
were roll compacted to a green density of 85% and sintered under an argon atmosphere.
The powders were produced by blending a master alloy powder with titanium powder.
Sintering temperatures and durations in the study ranged from 1200 ◦C to 1400 ◦C and 2 to
4 h, respectively. The highest sintered density produced in the study by N.S. Muchavi was
95 to 96% after 2 to 3 h of sintering. The results of this study are highly relevant to DPR,
but it is also useful to investigate altered experimental parameters, particularly increased
green strip densities >90%, in future. This will significantly improve as-sintered properties
towards achieving final densities and properties closer to billet rolled titanium alloy sheet.

In summary, based on the comparison of Sections 1.3 and 1.4, it appears that vacuum
sintering of titanium is better established and understood than inert gas sintering of tita-
nium, and therefore sintering of titanium in argon atmosphere should be further explored.
There exists a need to further investigate the properties of high green density (~90%) tita-
nium DPR strips which are sintered at high temperatures over a range of comparatively
short durations, under an argon atmosphere, which is the scope of this study.
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2. Materials and Methods
2.1. Titanium Powder Characteristics

A −45 µm Ti-HDH powder was roll compacted to produce the titanium strips. The
Ti-HDH powder was purchased from Baoji Lihua Non-ferrous Metals Co., Ltd. (Baoji,
Shaanxi, China), and the as-supplied chemical composition of the powder is tabulated in
Table 1. As per the chemical composition of ASTM grade 3 titanium, also presented in
Table 1, the titanium powder used in this study was near that of ASTM grade 3 titanium.

Table 1. Impurity content of the supplied −45 µm Ti-HDH powder and ASTM grade 3 titanium.
HDH: hydride-dehydride. ASTM: American Society for Testing and Materials.

Titanium Product Fe (wt.%) C (wt.%) N (wt.%) H (wt.%) O (wt.%)

−45 µm powder [23] 0.016 0.003 0.014 0.025 0.35
ASTM Grade 3 [24] ≤0.3 ≤0.08 ≤0.05 ≤0.015 ≤0.35

An analysis of the powder particle size distribution (PSD) was conducted on a Mi-
croTrac S3500 laser diffraction particle size analyzer (S3500, MicroTrac, York, PA, USA).
The powder PSD is illustrated in Figure 3, and the D10, D50 and D90 percentiles of the
powder are tabulated in Table 2. The PSD results and percentile values confirm that a large
percentage, approximately 90%, of the powder particles are within the −45 µm rating.
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Table 2. Particle size distribution percentiles of the −45 µm Ti-HDH powder.

D10 (µm) D50 (µm) D90 (µm)

11.55 27.37 48.33

A scanning electron microscope (SEM) image of the Ti-HDH powder used in this study
is illustrated in Figure 4. The image was produced by a JOEL JSM-6510 SEM (JSM-6510,
JOEL, Tokyo, Japan) in secondary electron image mode. The angular shape of the powder
particles observed in Figure 4 is characteristic of Ti-HDH powder produced from Kroll
sponge [25]. The angular nature of the powder particles assists in particles interlocking
during powder rolling, which increases green strip density.
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2.2. The Powder Rolling and Sintering Processes

The titanium powder was rolled into strips by two horizontally mounted steel rollers
of 80 mm diameter, only one roller of the mill was driven, at a speed of 14 rpm. The
strips were rerolled to a green density of 4.04 g/cm3, i.e., 89.8% of the theoretical density
of titanium. The final dimensions of the strips were 250 mm in length, 40 mm in width
and 0.33 mm in thickness. The titanium strips were sintered in a horizontal tube furnace
(Brother Furnace Co., Ltd., Zhengzhou, China). A high purity alumina (99.7%) furnace
tube was used, which is stable at high temperatures and does not chemically react with the
titanium strip during sintering. The temperature of the furnace hot zone was measured
to an accuracy of ±1 ◦C by a Type-S thermocouple to ensure accurate results. The green
titanium strips were placed on a smooth molybdenum boat of 99.95% purity, and inserted
into the furnace tube. The smooth surface of the molybdenum ensured that longitudinal
and transverse shrinkage of the strip was not restricted during sintering.

Prior to the titanium strips being heated, the furnace tube was evacuated whilst at
room temperature to a vacuum level of 10−2 Pa by a vacuum pump. Thereafter, the tube
was filled with a high grade of argon gas of 99.999% purity, to an absolute pressure of
110 kPa. This cycle was repeated twice to ensure that the tube volume was purged of
atmospheric air molecules and particles. During the sintering cycle there was no further
argon gas flow into the tube. The impurity composition of the argon gas used in this study
is presented in Table 3.

Table 3. Argon gas impurities.

Argon Gas Grade H2O (ppm) O2 (ppm) N2 (ppm) CH4 (ppm)

99.999% [26] <3 <2 <5 <0.5

The general profile of the sintering cycle that was used to sinter the green titanium
strips is illustrated in Figure 5. The heating rate of the sintering cycle gradually increases
from 7 ◦C/min to 9 ◦C/min to avoid cracking of the alumina tube by thermal shock, and
10 ◦C/min is the maximum heating rate achievable by the tube furnace. On completion
of the heating cycle, the tube was carefully cooled at a rate of −9 ◦C/min to 700 ◦C, and
thereafter the tube cooled naturally to room temperature. Below 700 ◦C, the alumina tube
cooled naturally at a rate >−10 ◦C/min, hence, there was no heat input required from
the furnace. The sintered strips were removed from the tube furnace once they reached
room temperature.
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Sintering temperatures of 1100 ◦C, 1200 ◦C and 1300 ◦C were investigated in this study.
The green titanium strips were held at each of the specified maximum temperatures, in
separate tests, for 30 min, 60 min and 90 min. The experimental test plan for this study is
presented in Table 4. To ensure the reliability of results, four experiments were conducted
for each test point in the experimental plan.

Table 4. Experimental test plan.

Temperature 1100 ◦C 1200 ◦C 1300 ◦C

Time (min)
30 30 30
60 60 60
90 90 90

2.3. Sintered Strip Property Analyses
2.3.1. Strip Density and Vickers Microhardness

The density of the sintered and green titanium strips were measured according to the
standard ASTM B962-08b [27], by using a Sartorius analytical balance (BP 110S, Sartorius,
Goettingen, Germany) which has a resolution 0.1 mg. Vickers microhardness testing
was conducted on the sintered strips according to standard ASTM B933-16 [28], on an
EMCO-TEST DuraScan 20 hardness tester (EMCO-TEST, DuraScan 20, Kuchl, Austria).
The microhardness testing was conducted near the surface edge of the width cross section
of the strips, with a 50 gf test load. Twenty points were tested on each sintered strip.

2.3.2. Tensile Testing

The tensile test specimens were cut from the sintered titanium strips along the direction
of rolling, according to the standard tensile test specimen dimensions in ASTM 8/E 8M-
08 [29]. The test specimens have an overall length of 200 mm, a gage length of 50 mm and
a reduced section width of 12.5 mm. The test specimens were loaded at a cross head speed
of 1.2 mm/min until failure, by an Instron 5500 R tensile tester (Instron, Norwood, MA,
USA). The tensile strain was measured by a contact type 1 extensometer, which met the
requirements of a class B-2 extensometer according to the standard ASTM E83-16 [30]. The
elastic moduli of the sintered titanium strips were calculated according to the methods
described in ASTM E111-04 [31], by determining the slope of the stress–strain curve for
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forces below the proportional limit. The elastic moduli were determined for strain values
of less than 0.25% to avoid for correction of reduction in the tensile specimen area.

2.3.3. Microstructural Characterization

A width cross section of each of the sintered titanium strips was hot-compression-
mounted in resin, via a Struers LaboPress 3 hot mounting machine (LaboPress 3, Struers,
Copenhagen, Denmark). The specimens were metallographically prepared by initially
grinding the specimens on SiC abrasive paper lubricated with water, using the following
sequence of papers: P220, P320, P500, P1200, P2000 and P4000 [32]. The specimens were
thereafter chemically and mechanically polished with a mixture of hydrogen peroxide
(30% concentration) and colloidal silica solution, which contains 0.04 µm grit. The mixture
was prepared by mixing 40 mL hydrogen peroxide with 260 mL colloidal silica solution [33].
The microstructure of the polished specimens was thereafter viewed under cross-polarized
light by using a Nikon Eclipse MA200 optical microscope (Nikon, Tokyo, Japan). The
specimens were etched with Kroll’s reagent, which is a mixture of 2 mL hydrofluoric
acid (HF):6 mL nitric acid (HNO3):100 mL distilled water, for a period of 20 s [34]. The
grain size of the sintered strips was determined on the etched specimens, according to the
linear intercept method described in the standard ASTM E112-13 [35]. Five fields on each
specimen were assessed at 100× magnification, with 60 or more intercepts on each test line.

3. Results and Discussion

A typical green strip and sintered strip produced in this study are illustrated in
Figure 6. The lustrous appearance of the green strip is indicative of the high green density
of the strip, and the metallic shine of the sintered strip is indicative of the minimal surface
contamination from the argon atmosphere.
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Figure 6. Typical titanium strips produced in this study: (a) a green titanium strip; (b) a sintered titanium strip.

The surface of a green strip and a sintered strip as viewed under a SEM are illustrated
in Figure 7. The green strip surface has randomly distributed surface pores amongst
densely packed deformed titanium powder particles. The powder particles were deformed
by the cold rolling process. The fine line striations on the surface of the green strip were
produced by the repeated cold rolling operations. It is also clear from the green strip image
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that some deformed particles cover or partially cover interparticle surface pores. This is
beneficial as the closure and size reduction of the surface pores reduces the amount of
argon gas that enters the strip during sintering, which thus improves as-sintered properties.
The sintered strip surface image indicates the large reduction in the number of surface
pores from the green state. Grain boundaries are also visible on the sintered strip surface,
which indicates a high state of density.
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3.1. Strip Density

The average (mean) density values of the sintered strips are illustrated in Figure 8,
along with the standard deviation of the results. From the results in Figure 8 it is observed
that the sintered density increased with an increase in sintering time and temperature. In
general, the sintered strips achieved high levels of sintered density. The strips that were
sintered at 1300 ◦C for 90 min reached near-full density (~99%). The high density of the
sintered strips is also confirmed by observing the low levels of porosity present in the
microstructural images of the sintered strips in Section 3.4.
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It is also noted that higher sintering temperatures caused a greater densification rate,
and most of the strip densification occurs during the first 30 to 60 min of sintering. Sintering
at temperatures over 1300 ◦C could not be investigated as the tube furnace that was used
in this study has a maximum temperature limit of 1300 ◦C.

The fine powder used in this study is a factor which resulted in the high sintering
rates achieved. A fine powder was selected for this study, as fine powders achieve higher
sintering rates than coarse powders, according to the scaling law [36]. Higher sintering rates
imply shorter required sintering times, which favors a continuous sintering process. It has
been shown that under the same compaction pressure, fine powders generally attain lower
green density than coarse powders, however, under the same sintering conditions, the fine
powder compact attains a higher sintered density than the coarse powder compact [37,38].

3.2. Vickers Microhardness

As the strips in this study did contain pores, a microhardness test was selected rather
than a macrohardness test. Microhardness testing is advantageous over macrohardness
testing as they use low test loads which reduces the effect of the pores on the material
hardness measurement [28]. The hardness testing were conducted on the strip cross-section,
near the surface of each strip, as illustrated in Figure 9. The hardness tests were conducted
near the surface of the strips, as the surface is the most affected region by atmosphere
contamination. It has been shown experimentally that the surface of a sintered component
shields the inner material of the component from atmospheric contamination, and as a result,
the surface is more contaminated than the inner section of the material [20]. All specimens
were measured at the same depth below the surface edge. The mean and standard deviation
of the results from the microhardness Vickers tests are displayed in Figure 10.

The titanium powder that was used to produce the strips has an approximate hardness
of 208 HV, estimated from Brinell hardness of 200 [39]. It is observed from the results that
sintering increased the strip hardness. The hardness of commercially pure (CP) titanium
generally increases due to an increase in interstitial contamination, with interstitial elements
such as oxygen, nitrogen, carbon, etc. [40]. The argon atmosphere used in this study
contained impurities such as oxygen, nitrogen, carbon, etc., as listed in Table 3. It is likely
that the titanium strips absorbed these impurities from the argon atmosphere, which is the
reason for the increase in hardness.
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It was also found that an increase in the sintering temperature and time increased
the surface hardness of the sintered strips. This is because higher sintering temperatures
increased the reactivity of the strips, which resulted in the higher contamination absorption,
and thus an increased hardness. Thus, the strips which were sintered at 1300 ◦C, had the
greatest contamination absorption and hence the greatest hardness. This effect can also
be understood by examining the oxygen and nitrogen diffusion coefficients in titanium,
which increase with an increase in temperature [41,42].

Oxygen, for example, experiences the following diffusion coefficients in titanium. The oxy-
gen diffusion coefficient (ODC) in titanium at 1100 ◦C is approximately 4 × 10−12 m2/s [42].
At 1300 ◦C, the ODC in titanium is approximately 10 times that at 1100 ◦C, and at 1200 ◦C, the
ODC in titanium is approximately 3.75 times that at 1100 ◦C [42]. This implies that higher
temperatures caused the titanium strips to absorb more oxygen from the argon atmosphere.
The contamination pickup by the strips can be reduced by the use of contamination getters;
however, their usage does influence the sheet production process cost [43].

3.3. Tensile Properties
3.3.1. Tensile Elongation

The tensile elongation of the sintered strips is presented in Figure 11. The best
elongations that were produced in this study are in the range of 4.5% to 5.5%. In comparison
to the minimum required tensile elongation of ASTM grade 3 titanium which is 18%, the
elongation produced in this study is low. In general, all the strips that were sintered in this
study had absorbed significant contamination from the argon atmosphere, as confirmed by
the hardness testing, which contributed to the low elongation. The contamination in the
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form of oxygen, nitrogen and carbon atom, occupies the octahedral interstitial sites in the
alpha phase of titanium, which has a hexagonal close-packed (HCP) crystal structure. The
occupation of these lattice interstitial sites distorts the HCP lattice and thus hinders the
movement of dislocations on the {1010} {1011} {0001} slip planes, which reduces the strip
ductility. [44]
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The grain size of the sintered strips may also be a factor that contributed to the low
strip elongation. The conventional understanding in metallurgy is that an increase in grain
size is accompanied by an increase in ductility [45]. However the elongation of the sintered
strips may also be influenced by the strip thickness (t) to grain size (Dg) ratio i.e., (t/Dg), as
shown in a study by Takebe et al. [46]. The study by Takebe et al. investigated the effect of
grain size and sheet thickness on the tensile properties of ASTM grade 1 titanium sheet, and
found that there is an optimum (t/Dg) ratio for a particular sheet thickness which produces
the best elongation. It was found that within certain grain size ranges, an increase in grain
size reduces the sheet elongation. Although the study by Takebe et al. researched the effect
of the (t/Dg) ratio on the tensile properties of wrought titanium sheets, this relation may
also be applicable to DPR sintered strips.

The study by Takebe et al. investigated sheet sizes of 0.5 mm and lower, and found
that a 0.3 mm sheet attained its greatest elongation at a t/Dg ratio of 5. In the present
study, the highest elongation was produced by sintering at 1200 ◦C for 60 min, and the
corresponding t/Dg ratio of the strips was 6.8. Although the titanium strips used in this
study were produced via a powder metallurgy process, and the sheet that was analyzed
in the study by Takebe et al. was produced by the wrought-ingot process, the optimum
t/Dg ratios in both studies are very comparable. Thus, the effect of sheet thickness on grain
size ratio may well have been a factor that significantly influenced tensile elongation in
this study.

It was found that the tensile elongation of the strips increased when the sintering
temperature was increased from 1100 ◦C to 1200 ◦C. Strips that were sintered at 1100 ◦C for
60 min and 90 min and at 1200 ◦C for 30 min and 60 min, were found to have the greatest
elongation in this study. However, the strips that were sintered at 1300 ◦C displayed
the lowest tensile elongation in this study. The increase in the tensile elongation as the
sintering temperature increased from 1100 ◦C to 1200 ◦C is due to an increase in strip
density, although contamination also did increase in the strips. It is likely that grain growth
also contributed to the increase in strip ductility. The strips that were sintered at 1300 ◦C
had the lowest elongation in this study, as the strips were the most contaminated. The
relatively large grains present in the strips that were sintered at 1300 ◦C may have also
reduced the strips elongation via the aforementioned phenomena.
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3.3.2. Ultimate Tensile Strength

The ultimate tensile strength (UTS) of the sintered titanium strips is represented
as mean results with standard deviation in Figure 12. It was found that an increase in
sintering temperature and time increased the UTS of the sintered titanium strips. Generally,
the significant factors which affect the tensile properties of a PM product are porosity,
microstructure and contamination [47]. The tensile strength of titanium increases with
an increase in interstitial contamination, through solid solution strengthening [40]. The
hardness testing results confirm that interstitial contamination of the strips did increase
with sintering temperature and time, and thus contamination is a factor which raised the
UTS of the strips.
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An increase in density (a reduction in porosity) of a PM material increases the tensile
strength of the PM material. For example, it was indicated in a review study that an increase
in density raises the tensile strength of Ti-6AL-4V compacts [47]. Thus, the increase in
density of the strips is a factor which raises the UTS of the sintered strips. According to the
Hall–Petch equation [45], an increase in grain size is expected to lower the tensile strength
of the material. As shown in Section 3.4.2, the grain size of the strips increased with an
increase in sinter temperature and time, and thus grain growth contributed to lowering the
UTS of the strips. The net effect of the increase in strip contamination, density and grain
size is noted as an increase in the UTS of the strips.

3.3.3. Elastic Modulus

The elastic moduli of the sintered strips are tabulated in Table 5, represented as mean
values with the standard deviation of the results. The elastic moduli values of the sintered
strips compare well with the elastic modulus of pure titanium, which ranges between 103
and 105 GPa [48]. The variation in the results is believed to be due to changes in porosity,
contamination and grain size.

Table 5. Elastic moduli of the sintered titanium strips.

Sinter Temperature (◦C) 30 min (GPa) 60 min (GPa) 90 min (GPa)

1100 97.1 ± 5.2 98.3 ± 3.6 99.2 ± 4.4
1200 98.9 ± 6.1 101.0 ± 3.3 103.9 ± 3.1
1300 102.5 ± 2.7 105.1 ± 2.8 108.2 ± 3.8
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3.4. Microstructural and Grain Size Analysis
3.4.1. Sintered Strip Microstructure

The microstructural images of the width cross section of the sintered titanium strips
are shown in Figure 13. It is observed from Figure 13 that there is an increase in the grain
size as the sintering temperature increased, and as the sinter hold time increased. The
number of grains is also reduced as sinter temperature and time increase. It is also observed
that the number and size of pores is reduced as sinter temperature and time increase, and
the pores changed from an irregular to a rounded shape as sintering progressed. The
equiaxed grain shape which is noted is a typical characteristic of recrystallization [49].
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The increase in grain size and reduction in pore size with increasing sinter temperature,
is due to mass transport within the strip. Surface and bulk diffusion are mass transport
mechanisms that occur during sintering, however bulk diffusion is responsible for material
densification [50]. Bulk mass transport refers to grain boundary diffusion and volume
diffusion, and becomes more active at higher temperatures [50], which drove grain growth
and pore reduction.

From observation of the size and quantity of pores in the microstructures presented in
Figure 13, it is clear that during 90 min of sintering, most densification occurred during the
first 30 min to 60 min of sintering. This effect became greater as the sintering temperature
increased, due to the higher driving force for densification that is created by higher temper-
atures [51]. This observation is in agreement with the density results in Section 3.1, which
also revealed that the greatest densification gains in this study occurred during 30 min to
60 min of sintering. Sintering for 60 min or more drove most pores away from the grain
boundaries, and the pores became spherical in appearance, which is a typical characteristic
of the final stages of sintering [50]. The aforementioned observations are also congruent
with solid-state sintering theory.

As mentioned in Section 3.1, fine powders create higher sintering rates than coarse
powders, which is beneficial to reducing sinter durations. In addition, a high green density
also reduces sintering time by reducing the time duration for each stage of sintering.
Sintering theory states that when loosely compacted powder particles are sintered, the
particles will naturally go through all stages of sintering, such as necking, the intermediate
stage and the final stage. However, if the powder particles are compacted to a high
density, the coordination number of the powder particles increases, and consequently,
some early stages of sintering will not occur [50]. The coordination number is the number
of particle contacts on each particle [52]. The elimination of the early sintering stages
reduces sintering time, which is a benefit of sintering with a high green density. This
phenomenon has been observed in this study, as the microstructural images of the grains in
Figure 13 show little evidence of necking being present as early as after 30 min of sintering.
Thus, the conventional neck formation and neck growth stages during sintering in this
study proceeded very rapidly or did not occur as an isolated stage due to the initial high
green density (~90%) of the titanium strips.
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3.4.2. Grain Size Analysis

The grain size of the sintered strips represented as mean values with standard devi-
ation and the typical grain size of wrought-ingot titanium sheet are tabulated in Table 6.
It was found that the grain size of the sintered strips increased with an increase in sinter
temperature and sinter time. The strips that were sintered at 1300 ◦C for 90 min contained
the largest grains, with a grain size of approximately 66 µm, and the strips that were sin-
tered at 1100 ◦C for 30 min contained the smallest grains with a grain size of approximately
33 µm. Although the titanium powder used in this study has a particle size of −45 µm, due
to some sintering conditions, the grain size was lower than 45 µm. This is caused by new
grains forming within the original cold-worked powder particles, through recrystallization.
It is also noted that the grain size of the sintered strips in this study is significantly larger
than the grain size of titanium sheet produced by the wrought-ingot process.

Table 6. The grain size of the sintered titanium strips.

Sinter Temperature
(◦C) 30 min (µm) 60 min (µm) 90 min (µm) Wrought-Ingot

Ti Sheet (µm)

1300 55.68 ± 6.27 59.77 ± 7.26 66.39 ± 8.16

1200 41.18 ± 5.45 46.69 ± 6.12 59.91 ± 7.74 12.9 to 20
[46,53–55]

1100 33.20 ± 4.74 36.45 ± 5.58 43.11 ± 6.73

4. Discussion
4.1. Density

It is significant that most of the strip densification occurs during the first 30 min to
60 min of sintering, because if green densities >95% are utilized, near-full density can be
expected within this short sintering time range, making the continuous sintering process
more favorable. This is a useful result, as many steel components are sintered continuously
at a commercial level for 30 min to 60 min at temperatures in the range of 1000 ◦C to
1250 ◦C [5]. Thus, if higher green density strips can be sintered within 30 min to 60 min,
and if the sintered properties of the strips meet ASTM B265 standards, this roll-and-sinter
process could match the production levels of processes that sinter steel components.

The sintering temperatures of 1100 ◦C to 1300 ◦C, which were investigated in this
study, are also the typical temperatures that can be achieved by continuous furnaces in
industry [56,57]. The temperatures investigated were also found to be effective for sintering
titanium compacts in other studies [58].

As mentioned in Section 3.1, fine powders were selected for this study, however, fine
Ti-HDH powder particles have the general tendency to have a higher oxygen content than
coarse Ti-HDH powder particles [25]. Increasing oxygen content adversely affects the
ductility of titanium and increases the strength of titanium via solid solution strengthen-
ing [59]. The problem of high oxygen content in fine titanium powders can be overcome
by using deoxygenation techniques to produce powders with low oxygen as summarized
in [3]. However, deoxygenated powders are more expensive than the conventional Ti-HDH
powders, due to the additional processing steps.

Diffusion bonding, which is usually performed under high-vacuum or inert atmo-
spheres, is the application of high pressure and temperature to two contacting surfaces,
with the aim of driving diffusion between the two surfaces to create a bond. However,
long durations are generally needed to create a sufficient bond. To reduce processing times,
techniques such as the use of interlayers and impulse pressure-assisted diffusion bonding
(IPADB), etc., have been investigated, as described in a review paper on IPADB [60]. The
results of this study may also be beneficial to reducing the time duration for diffusion
bonding of certain metals, as it has been shown that fine compacted titanium powder can
be heated within short durations to bond together to achieve near-full density.



Metals 2021, 11, 936 16 of 21

4.2. Tensile Properties
4.2.1. Tensile Elongation

In Section 3.3.1, it was mentioned that oxygen, nitrogen and carbon atoms from the
argon atmosphere occupy the octahedral interstitial sites in the HCP titanium lattice. The
presence of these atoms distorts the HCP lattice and causes lattice expansion. This was
demonstrated in a study by R. Montanari et al. [61], which found that the crystal lattice of Ti-
6Al-4V expands when heated up to 600 ◦C, due to absorption of gases such as oxygen and
nitrogen that are present in the argon atmosphere, as well as due to thermal expansion. In
the study by R. Montanari et al., high-temperature X-ray diffraction (XRD) measurements
were conducted on Ti-6Al-4V powder samples that were heated up to 600 ◦C, under an
atmosphere of a commercially pure grade of argon. It was also demonstrated in the study
by R. Montanari et al. that gases become entrapped in the lattice once the samples have
cooled to room temperature, as it was found that the lattice parameters increased from
the original values. The c/a ratio of the HCP lattice was found to increase from 1.5954 to
1.5989. Although no XRD measurements were taken in the present study, it is expected
that the HCP lattice of the titanium strips also expanded due to the absorption of oxygen
and nitrogen.

To improve the ductility of the titanium strips, it is recommended that the argon gas be
further purified to remove all impurities present in the gas before it is used in the sintering
process. It is also recommended that in future work strips be rolled to green densities of
95% or greater, and be sintered under similar experimental procedures, as discussed in this
study. A DPR strip with a green density >95%, may reduce the required sinter time and
temperature, to achieve full or near-full density, as found in this study. High green density
strips can be produced by repeated cold rolling operations, hot rolling, as well as through
optimization of the PSD of the titanium powder [62,63]. The use of thicker green strips can
also improve ductility, as a greater percentage of the strip cross section would be protected
from atmospheric contamination, in comparison to sintering thin green strips. Thereafter,
to achieve the desired strip thickness, the thick strips can be cold rolled and annealed.

4.2.2. Ultimate Tensile Strength

The UTS of the sintered strips in this study exceeds the minimum tensile strength
requirement for CP grade 3 titanium, as stipulated in ASTM B265, which is 450 MPa. The
measured UTS range of the strips in this study are also comparable, with the UTS of CP-Ti
sheet that was produced by the CSIRO DPR and hot-rolling densification process, reporting
a titanium sheet with a UTS range of 793 to 806 MPa [62].

4.3. Grain Size Analysis

For comparative purposes, the grain size of the strips in Table 6 is compared to the
grain size of conventional titanium sheet. The grain size of titanium sheet that is produced
by the wrought-ingot process is dependent on the degree of cold work induced in the
sheet and the recrystallization temperature of the production process [64]. In addition,
each titanium sheet manufacturer has a unique sheet manufacturing process in some
respects [10]. It is thus expected that the grain size of conventional titanium sheet will
vary between manufacturers, within a certain limit. From a survey of studies [46,53–55], it
was found that the grain size of conventional CP titanium sheet, in the thicknesses range
of 0.3 mm to 1.6 mm, varies between 12.9 and 20 µm. Thus, the sintered strips that were
produced in this study have relatively larger grains than the grains present in conventional
titanium sheet. The grain size of the sintered strips could be further refined by cold rolling
and annealing [64].

4.4. Continuous Sintering Furnaces

This study has shown that titanium DPR strips can be sintered to achieve high density
and acceptable properties in short durations, such as 30–60 min. If higher green densities
are used, shorter sinter durations and improved properties are anticipated. Thus, it is
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beneficial to describe a potential continuous sintering process that could be used to sinter
titanium sheet continuously.

There are several types of continuous furnaces that are used commercially for heat
treatment, such as the pusher furnace, the roller hearth furnace, the mesh belt furnace,
etc. However, based on the low mass per unit area of the titanium sheet, approximately
1.2 kg m−2, the mesh belt furnace would be the most suitable furnace for sintering titanium
sheet continuously. The load value of 1.2 kg m−2 was determined for a green DPR titanium
sheet of 90% green density and 0.3 mm thickness. Mesh belt furnaces are commonly
used in industry for heat treatment of metals, sintering of metals, etc., and an example
of a typical mesh belt furnace is illustrated in Figure 14. A major concern with sintering
titanium continuously is the contamination of the argon furnace atmosphere with air, which
leaks into the furnace. The atmosphere in the furnace can be controlled with atmosphere
control features such as fiber curtains and nitrogen gas curtains which are illustrated in
Figure 14 [65].
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Figure 14. A continuous mesh belt furnace (adapted from [12]).

The nitrogen gas curtain reduces ingress of air into the furnace by creating a laminar
flow of nitrogen gas across the entrance and the exit of the furnace. The fiber curtains are
layers of fibers that together form an adaptive wall, which surrounds the part as it enters
and exits the furnace, thus reducing air ingress into the furnace. The fiber curtain also
reduces the loss of inert atmosphere and heat from the furnace, which are two production
cost drivers which influence the unit cost of titanium sheet produced [65].

As the furnace gas exits the furnace inlet and exit, it also serves to hinder air ingress. A
common misunderstanding is that as the velocity of gas exiting the furnace increases, it is
more effective at reducing air ingress. However, this is not always true as it has been shown
that a high exit atmosphere velocity could increase air ingress into the furnace through the
production of vortices. This is an additional consideration that must be accounted for to
operate a continuous furnace that sinters titanium, and will require determination of an
optimum exit gas velocity. [65]

As mentioned in Section 2.2, there was no further flow of argon gas into the furnace
tube during sintering in this study, however, in a continuous industrial furnace, an argon
gas flow rate is required due to atmosphere loss from the entrance and exit of the furnace.
The continuous flow of argon gas over the titanium sheet being sintered may introduce
more impurities to the sheet, and thus the gas flow rate and time at maximum temperature
should be minimized. Thus, the results of this study represent the ‘best-case’ properties
of sintering titanium sheet continuously. In a real context, if the titanium strips in this
study were sintered under a continuous flow of argon, reduced properties, in comparison
to those achieved in this study, would be anticipated.

The hardware and technology currently used in mesh belt furnaces may also need to
be adapted to sinter DPR titanium sheets, for example, the belt material and the heat source.
Mesh belt furnaces transport the workload through the furnace on a mesh belt. Belts that
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are typically used in furnaces that operate at temperatures of 1100 ◦C to 1200 ◦C are made
of materials such as 314 stainless steel, Inconel 601, NiCr 70/30, etc. [66]. However, these
aforementioned belt materials will contaminate the CP titanium sheet at high temperatures,
and thus belts made from alternate materials should be used to transport titanium sheet
in a continuous furnace. Materials such as molybdenum and zirconia are used to support
titanium compacts during sintering [67], and are therefore candidate materials for a belt
that will transport titanium compacts in a furnace.

Electric heating and organic fuels are the two heat sources that are commonly used
in furnaces [5]. Electric heating is recommended for continuous sintering of titanium, as
it is a clean source of heat, unlike combustion of organic fuels which produces combus-
tion by-products. However, if the use of organic fuels as a heat source is found to be
more economical than electric heating, it can be used via indirect heating of the furnace
chamber [5].

5. Conclusions

This study investigated the as-sintered properties of DPR titanium strips that were
sintered under argon atmosphere. The green strips were of 89.8% density and were
produced from −45 µm Ti-HDH powder. The strips were sintered at temperatures in the
range of 1100 ◦C to 1300 ◦C, and were held at maximum temperature for durations that
ranged from 30 min to 90 min.

It was found that sintered densities of 96–99% can be achieved in industrially accept-
able sinter times. An increase in sintering temperature and time resulted in an increase in
surface hardness of the titanium strips, due to an increase in contamination absorption from
the argon atmosphere. Sintering strips at 1100 ◦C for 60 min and 90 min and at 1200 ◦C for
30 min and 60 min produced the highest tensile elongations in this study, which were in the
range of 4–5.5%. However, this elongation range does not meet the minimum elongation
requirements of ASTM grade 3 titanium. Strips that were sintered at 1300 ◦C displayed low
elongation in the range of 1–2%. This is due to the high levels of contamination pick-up
during sintering at 1300 ◦C. The grain size of the strips may have also contributed to the
low tensile elongation found in this study.

However, the UTS of all the sintered strips in this study did exceed 450 MPa, which is
the minimum UTS requirement of ASTM grade 3 titanium. The results of this study indicate
that titanium strips that are sintered continuously could meet ASTM B265 requirements
(for grade 3 titanium) if strips with a green density in excess of 95% and a purified argon
atmosphere are utilized.
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