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1

OPSOMMING
Die artikel is ŉ sistematiese literatuur studie (SLS) oor die titaan
metaal produk waardeketting. Op ŉ globale vlak is die titaan
waardeketting baie gefragmenteer. Dit beteken dat opeenvolgende
produksiefases selde in dieselfde land plaasvind, met die gevolg dat
min navorsing op die totale waarde ketting gepubliseer word. Die
doel van die SLS was om literatuur te versamel wat kan bydrae tot
die identifisering en uitbreiding van die titaan metaal produk
waardeketting. Die toegepaste proses vir die SLS was ŉ kombinasie
van ŉ bou-blok soek-strategie gevolg deur ŉ kriteria analise. Drie
hoof seksies in die titaan industrie is identifiseer: die rou materiaal,
prosesse en tegnologieë, en die mark. Die hoof seksies is toe verder
opgedeel in agt geïdentifiseerde produksie fases en elke fase is
apart bespreek. Die agt geïdentifiseerde fases se relevansie tot die
Suid-Afrikaanse titaan industrie sal toegespits word om die
toepaslikheid in ŉ plaaslike industrie te bestudeer.

INTRODUCTION AND BACKGROUND

Titanium metal is popularly referred to as ‘the wonder metal’. It exhibits numerous unique
properties that make it ideal for selected applications within niche high-value industries. Although
it is an abundant element in nature, pure titanium metal is rare. Titanium is mined as an enriched
ore that undergoes several production stages to produce a finished titanium product. All of these
stages can be covered in three main sections: the raw material, the processes and technologies, and
the market [1].
The three sections can be sub-divided into eight production stages. Each stage is dependent on its
specific precursor and, in turn, is needed to produce the product for the next stage. This outlines
the titanium metal product value chain, as displayed in Figure 1. The dotted lines indicate
alternative routes that can be followed to reach the final stages, which are milled products and
powder products.
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Figure 1: The titanium metal product value chain
The titanium product value chain is fragmented [2,3]. This means that most of the production stages
shown in Figure 1 do not occur within the same country [4].
In the late 1990s, the South African government identified the titanium metal and titanium oxide
industries as one of the promising industries that should be re-evaluated and developed locally [5,6].
South Africa has the world’s fourth-largest titanium mineral reserves, and was the largest producer
of mined titanium in 2017 [7]. Based on these statistics, one would assume that the country has a
thriving titanium industry; but the technological gap for further processing (post-mining) for highvalue downstream applications is large. South Africa does not have an existing titanium product
value chain, but is involved only in selected stages of the upstream and downstream processes.
The aim of this study is systematically to review the available literature on the titanium metal
product value chain on a global and local scale. The information gathered will contribute to the
establishment of the South African titanium industry by highlighting which stages of the product
value chain need to be developed.
2

REVIEW METHOD

A systematic literature review (SLR) can be defined as a systematic, explicit, comprehensive, and
repeatable method to evaluate the available literature [8,9]. It strives to identify, to evaluate
critically, and to integrate the literature available on a specific research topic [10,11]. The research
topic for the SLR presented in this paper is the different stages of the titanium metal product value
chain.
In order to comply with the criteria of an SLR, a step-by-step approach needs to be established for
the collection of the relevant literature. Creswell [12] provided a list of five stages for a literature
review:
1.
2.
3.
4.
5.

The identification of key terms (keywords or key-phrases).
Conducting a topic-based search in relevant databases.
Critically evaluating the collected literature and selecting the relevant documents.
Organising the literature in a systematic order.
Writing the literature review, consisting of a summary of the information.

2.1 Identification of keywords
Based on the titanium product value chain (see Figure 1), keywords were selected to enable a
comprehensive search for each stage of the value chain. It was decided to refer to these words as
key-phrases, as some phrases are composed of two or more words. A distinction was made between
primary key-phrases and secondary key-phrases. The phrases were selected based on the product(s)
produced during each stage of the value chain. Related words or synonyms of the phrases were also
included in the search. As this study is on the titanium metal product value chain, it was decided to
include the phrase ‘value chain’ as a secondary key-phrase. The results for the search of the phrase
‘value chain’ search will be discussed separately.
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Primary key-phrase
1.

Titanium AND titanium metal

Secondary key-phrases:
1.
2.
3.
4.
5.
6.
7.
8.

Titanium reserves
Titanium slag
Titanium tetrachloride
Titanium sponge
Ingots
Metal powder
Wrought or milled product
Powder products / near net shape
Relevant databases

Based on a search comparison conducted in both the Scopus and the EBSCOhost databases, the
Scopus database was selected. This selection was made based on the larger quantity of hits obtained
using the same primary and secondary search phrases. The Scopus database also includes several
relevant databases, such as ScienceDirect, Taylor and Francis, and the Wiley Online Library. Scopus
is one of the most extensive databases, and so is immensely popular in the social science and
engineering disciplines [13]. It is the largest abstract and citation database of peer-reviewed
literature, and covers science, technology, medicine, social sciences, and the arts and humanities
[14]. Scopus also allows a graphical analysis of the search results.
Study selection
For the database search, only peer-reviewed articles and reviews were considered. In order to obtain
the most relevant literature on the selected topic, it was decided to apply two search strategies:
the building block searching strategy and a criterion analysis [11,13]. The principle behind the
building block searching strategy is to start with a single or primary concept search (keyword or keyphrase) that will produce a large number of hits [15]. After completing the single concept search,
the search should be combined with Boolean operators (secondary key-phrases) that will reduce the
number of hits and act as a secondary search [15]. A criterion analysis works on the basis of
eliminating literature that does not meet a set of pre-determined criteria [13].
For this SLR, the first step was the application of the building block searching strategy. With this
strategy, the primary key-phrase, identified in Section 2.1, was searched and the hits noted. The
primary key-phrase — ‘titanium and titanium metal’ — was included in every search. Next, the
primary key-phrase, together with the secondary key-phrases, was searched using a string created
by applying Boolean logic, such as AND, OR, and NOT. This is where synonyms and related phrases
were added to obtain optimal search results. Table 1 displays the secondary key-phrases and the
search input for each secondary phrase.
Table 1: Secondary key-phrases used in the building block searching strategy
Secondary key-phrase

Search input

Titanium reserves
Titanium slag / upgraded
ilmenite /rutile ore

(‘reserves’ OR ‘ilmenite deposit*’ OR ‘rutile deposit*’)
(‘titanium slag’ OR ‘upgraded ilmenite’ OR ‘rutile ore’) w/5 (‘production’
OR ‘synthesis’)

TiCl4 / Titanium tetrachloride

(‘TiCl4’ OR ‘titanium tetrachloride’) w/5 (‘production’ OR ‘synthesis’)

Titanium sponge

(‘titanium sponge’) w/5 (‘production’ OR ‘synthesis’)

Ingots / blooms / billets / slabs

(‘ingot*’ OR ‘bloom*’ OR ‘billet*’ OR ‘slab*’) w/5 (‘production’ OR
‘synthesis’)

Milled products / wrought
products

(‘milled product*’ OR ‘wrought product*’ OR ‘wrought mill product*’ OR
‘forging product*’) OR (‘cast*’ w/5 ‘product’)

Metal powder

(‘titanium powder*’) w/5 (‘production’ OR ‘synthesis’)

Powder products / near net
shape

(‘powder* product*’ OR ‘near net shape’) w/5 (‘production’ OR
‘synthesis’)

An asterisk (*) can substitute for the absence of one or more characters, and is useful when including plurals
W/5 is a proximity operator that finds words that are far apart — in this case, up to five words apart.
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The second step of this SLR was to eliminate all the literature that did not meet the inclusion
criteria. These criteria were established to narrow the field down to a manageable number of
articles, but also to ensure that each key-phrase was represented at least once. The first criterion
(A) was applied to keep the literature recent by only including literature published during the last
20 years. The second criterion (B) was to exclude documents that mention TiO 2 (titanium pigment).
Titanium pigment forms a large part of the overall titanium industry, but as the process differs
greatly from titanium metal production, it was decided to exclude pigment from the search. The
third criterion (C) excluded articles published on keywords that fall outside of the scope of titanium
metal. The fourth and last criterion (D) was applied to limit the results only to documents containing
the key phrase in the title. A summary of the criteria is displayed in Table 2.
Table 2: Criteria for methodological screening (adapted from Khumalo and Van der Lingen,
2017)
Symbol

3

Definition of criteria

A

A timeframe of the last 20 years applied (1999-2019)

B

Documents containing titanium pigment in the title excluded (TiO2)

C

Exclude documents that refer to TiCl4, used as a coagulant in water, by excluding the following
words or phrases: coagulation, coagulant, floc, polytitanium, polymerization, unclassified drug,
titanium nitride

D

Only include documents that contain the primary key-phrase in the title

RESULTS FROM CONDUCTING A TOPIC-BASED SEARCH

As the main theme of the SLR is the titanium metal product value chain, the key-phrases formed the
basis of all the searches performed. To ensure that all the hits obtained from the search were peerreviewed articles and peer-reviewed reviews, this filter was applied to the Scopus database before
any search was conducted. Any results discussed from this point on were subject to this filter.
After limiting the hits to peer-reviewed articles and peer-reviewed reviews, the two proposed search
strategies were applied to the Scopus database. The number of hits from the building block search
strategy and from the criterion analysis are displayed in Table 3.
Table 3: Article hits in the Scopus database from applying the two search strategies
Key-phrases

Search strategy

Primary

Building block searching strategy

Criterion analysis

Secondary

X

Search output (number of hits)
311 162

X

X

802

A

X

X

504

B

X

X

486

C

X

X

445

D

X

X

144

Following the design, the first criterion (A) reduced the field to articles published within the last 20
years. Second, with criterion B, any article mentioning TiO2 in the heading was removed from the
selection. Criterion C eliminated articles that did not fall within the field of study, and last, criterion
D only included articles that contained the key-phrase, ‘titanium’ or ‘titanium metal’, in their title.
To ensure that all the identified value chain stages were covered in the results, a separate search
that included the secondary key-phrase(s) was conducted. The literature collected from each
separate search was used in the literature review section. Table 4 indicates the hits obtained for
each stage of the titanium metal product value chain.
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Table 4: Indication of the quantity of articles that contained each of the secondary keyphrases
Secondary key-phrases

Key-phrase and Boolean operator used in search

Hits in the
Scopus
database

Titanium reserves

(‘reserves’ OR ‘ilmenite deposit*’ OR ‘rutile deposit*’)

22

Titanium slag / upgraded
ilmenite /rutile ore
TiCl4 / Titanium
tetrachloride

(‘titanium slag’ OR ‘upgraded ilmenite’ OR ‘rutile ore’) w/5
(‘production’ OR ‘synthesis’)
(‘TiCl4’ OR ‘titanium tetrachloride’) w/5 (‘production’ OR
‘synthesis’)

Titanium sponge

(‘titanium sponge’) w/5 (‘production’ OR ‘synthesis’)

Ingots / blooms / billets
/ slabs
Milled products /
wrought products

(‘ingot*’ OR ‘bloom*’ OR ‘billet*’ OR ‘slab*’) w/5 (‘production’
OR ‘synthesis’)
(‘milled product*’ OR ‘wrought product*’ OR ‘wrought mill
product*’ OR ‘forging product*’) OR (‘cast*’ w/5 ‘product*’)

11
14
17
15
23

Metal powder

(‘titanium powder*’) w/5 (‘production’ OR ‘synthesis’)

29

Powder products / near
net shape

(‘powder* product*’ OR ‘near net shape’) w/5 (production OR
synthesis)

28

Total:

159

The total number of articles represented in Table 4 is 159. This number is higher than the 144 articles
obtained from the search criteria. The reason for this is that some articles are represented in more
than one stage of the value chain, and so were counted twice in Table 4. The stages most
represented from the literature search, in descending order, were metal powder (synthesis), powder
products, milled products, and titanium reserves. Stages with the fewest hits, in ascending order,
were titanium slag, titanium tetrachloride, ingots/blooms/billets/slabs, and titanium sponge.
The phrase ‘value chain’ was included in the search, as the aim of this research was to establish the
titanium metal product value chain. Only two hits containing this phrase were obtained. This is a
clear indication that the titanium value chain, or the titanium metal value chain, is not discussed
frequently in the literature. This discovery therefore acts as a motivation for this study to
understand the gaps in the titanium metal value chain in a South African context.
4

CRITICALLY EVALUATING AND ANALYSING THE RELEVANT DOCUMENTS

The Scopus database provides an online function to analyse the search results. This analysis yielded
insight into the results by providing a visual analysis. Seven categories were expanded on: year of
publication, article source, article author(s), affiliation, country/territory of publishing, document
type, and the disciplines. A total of 144 articles were submitted for analysis. It was decided to
conduct a search analysis on these 144 articles, as statistics on the lower hit counts for each
individual stage would not be as accurate.
4.1 Year of publication
Articles displayed in the search results represent selected literature published during the last 20
years. Figure 2 displays the number of peer-reviewed articles published during this period. From the
figure, an increasing publication trend can be observed. Two years in particular presented more
publications than the rest. These were 2005 and 2017.
In 2017 a total of 18 selected articles were published; in 2005 11 articles were published. The main
topics for these two years are displayed in Figure 3.
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Figure 3: The main topics of articles published in 2005 and 2017
From Figure 3 it can be observed that much more research was conducted on the downstream
processing of titanium during both years. This confirms that upstream processes are more
established and that research is focusing on the downstream processing of titanium metal. One-third
of the articles published in 2017 discussed the production of titanium metal powder (stage 7 on the
value chain).
4.2 Article sources, countries of publication, and affiliations
The sources with the most publications were the Journal of Metallurgy, Material Science and
Engineering, and Metallurgical and Materials Transactions (B Process Metallurgy and Materials
Processing Science), each with four publications. The next seven journals all published three articles
each. The affiliation with the most articles associated with it was the National Academy of Sciences
in Ukraine, with five publications. Countries that dominated the publications were China with 36
and the United States with 24. More information on the publishing countries and affiliations can be
found in Table 1.
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Table 5: Top publishing countries and affiliations from SLR search results
Countries
China (36)
United States (24)
Russian Federation (15)
Japan (12)
India (8)

Affiliations
National Academy of Sciences in Ukraine (5)
Ministry of Education, China (4)
Tohoku University (4)
University of Science and Technology, Beijing (4)
University of Idaho (4)
Ufa State Aviation Technical University (3)
Indian Institute of Technology, Bombay(3)
Institute for Materials Research, Tohoku University (3)
Chinese Academy of Sciences (3)
Russian Academy of Sciences (3)
Boeing Corporation (3)
Yunnan Minzu University (3)

It is important to note that the top five countries are also well-known for their involvement in the
various stages in the titanium metal industry; however, this falls outside of the scope of this study.
Another important observation is that most of the affiliations are universities or tertiary institutions,
except for Boeing Corporation. Boeing is one of the leading companies in the aerospace field, and it
is interesting to note that this company is also invested in titanium research. Aerospace is one of
the leading industries for the consumption of titanium metal.
South Africa produced three articles: two were on the chemical properties of finely-milled titanium
alloy powders [16,17], and one was on the beneficiation of ilmenite to form a high-purity titanium
slag [18].
4.3 Authors
The leading authors identified by the SLR are Froes, Chen, Peng, Ramakrishnan, and Valiew. The
author with the most publications was Froes, with five articles. Chen, Peng, Ramakrishnan, and
Valiew each published three articles. Articles published by these authors formed a key part of the
literature review discussed later in this study.
4.4 Type of document and disciplines
One of the filters applied to the search was to display results contained in articles and review articles
only. Articles made up 94 per cent of the results (136 documents) and reviews a mere six per cent
of the results (eight documents).
Titanium and its applications cover diverse disciplines. A total of 15 different disciplines were
identified from the search results. This can be expected from the results, as titanium metal is used
in a broad spectrum of applications. The proportions of the disciplines are displayed in Figure 4.

Materials science:
99

Chemical
engineering: 15
Chemistry: 19

Physics and
astronomy: 39

Engineering: 82
Figure 4: Disciplines contained in search results (see online for colour version)
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Other disciplines not labelled in Figure 4, in decreasing order, are the earth and planetary sciences;
environmental science; energy; biochemistry, genetics and molecular biology; computer science;
mathematics; medicine; business, management and accounting; pharmacology, toxicology and
pharmaceutics; and the social sciences.
5

ORGANISING THE LITERATURE IN SYSTEMATIC ORDER

In order to arrange the literature in a systematic order, it was decided to address the articles based
on each stage of the value chain. All of the articles were imported into Mendeley (a referencing
software). A manual screening was then conducted per stage, and articles with irrelevant topics
were removed. The bulk of the removed articles contained information that was considered too
technical for this study. The refined article count was 140. The article counts, and the articles
arranged per topic, can be seen in Table 6.
Table 6: Articles relevant to each of the eight stages of the titanium metal product value chain
Stage in value chain
Titanium reserves
Titanium slag
Titanium tetrachloride
Titanium sponge
Ingots
Wrought or milled products
Metal powder
Powder products / near net
shape
Totals

Initial article
count
22
11
14
17
15
23
29

Refined article
count
11
11
9
17
14
21
29

28

28

159

140

Articles selected for literature
review
[19,20,29,21–28].
[18,30,39,31–38].
[40–48].
[40,44,56–62,45,49–55].
[62,63,72–75,64–71]
[16,17,84–93,76,94,77–83]
[42,95,104–110,96–103]
[4,42,118–127,104,128–135,111–
117]

Stage 1, titanium reserves, obtained the most irrelevant hits (articles). The main reason for this is
that the results for stage 1 mainly discussed the chemical compositions of specific titanium reserves
and not the preferred quantity of reserves worldwide. Half of the articles from this stage were not
included for the theoretical background section of this SLR.
6

THEORETICAL BACKGROUND

The SLR search methodology was designed to collect literature on the eight identified stages of the
titanium metal product value chain. Each stage is represented by a production stage needed for the
subsequent stage (see Figure 1).
Section 5 organised the collected articles into the eight identified stages. Some articles contained
information relevant to more than one stage. A brief literature review now follows on each of the
stages, as well as a short description on the quality of the literature obtained through the search.
6.1 Titanium reserves (Stage 1)
Titanium deposits occur in three industrial groups: coastal-marine and alluvial (stream) placer
deposits; primary ore deposits; and the weathering crust of carbonatite complexes [29]. Most of the
titanium reserves are confined to primary ore deposits, but placer deposits, also referred to as
‘heavy mineral concentrates’, are more economically feasible to mine [25,29]. The two most
important titanium minerals are ilmenite (FeTiO3) and rutile (TiO2), of which ilmenite is the most
common [25]. Bykhovskii and Tigunov [29] indicate that the major regions for titanium mining are
Australia, Africa (including South Africa), India, China, Kazakhstan, Russia, Ukraine, Canada, and
Chile.
The literature on reserves collected in this SLR can be divided into three main groups. Five of the
articles discussed the beneficiation potential of specific reserves; four articles discussed the
characterisation of the different deposits, and how they differ from one another; and two articles
were country-specific — Russia and Finland respectively — and discussed those countries’ reserves.
A disadvantage identified from the collected literature was the absence of quantified titanium
reserves by country. It should be noted that titanium reserves are reported on a yearly basis by
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consultancy firms, and that these reserve reports are not peer reviewed articles. The latest global
reserves were thus not obtained from the literature.
6.2 Titanium slag (Stage 2)
The iron (among other contaminants) confined in ilmenite’s crystal lattice is seen as a contaminant
that should be removed through beneficiation [34]. The product that is formed though beneficiation
(smelting) is titanium-rich slag (80-90% TiO2), and further purification produces a product called
synthetic rutile (92-95% TiO2) [33,34,37,38]. The required purity of the beneficiated product is
dependent on the titanium product specification [38]. Samal [37] stated that titanium dioxide
(rutile) is mainly used in the paint (titanium pigment), paper, plastic, and fertiliser industries, and
ilmenite is mainly used as an intermediate feedstock for the production of titanium metals [37].
All of the articles obtained from Stage 2 of the literature search discuss the production of upgraded
titanium slag or synthetic rutile. The main processes discussed were smelting processes, the
reduction of ilmenite to convert ferric iron to ferrous iron, the reduction of iron in ilmenite to the
metallic form followed by corrosion with ammonium chloride and oxygen, the Murso process, and
the Enhanced Roasting and Magnetic Separation (ERMS) process [34].
6.3 Titanium tetrachloride — TiCl4 (Stage 3)
TiCl4 is the most common precursor of titanium sponge and titanium metal powder [44]. TiCl4 is
produced from rutile and upgraded titanium slag, mainly through the chloride process [44] (also
referred to as the ‘fluidised bed chlorination process’), which is the main process used for sponge
and titanium metal production [35]. It is important to note that crude TiCl4 still contains impurities,
and that this liquid needs to undergo purification before titanium metal or titanium sponge can be
produced. These impurities are removed by physical means (different boiling points) or by chemical
means (reagents such as hydrogen sulphide and organic matter) [44].
The articles obtained from the TiCl4 search cover a wide range of results. Some of the results discuss
the use of TiCl4 for the production of either titanium sponge or titanium metal powder. One of the
articles elaborated on a novel method that produces titanium in its liquid state using a pilot high
temperature electrowinning cell [41]. Environmental concerns about working with chlorine were
also highlighted in a qualitative risk assessment that discussed the release of TiCl 4 during the
production of titanium sponge [45].
6.4 Titanium sponge (Stage 4)
The Kroll process is the main process used for the production of titanium sponge [40,57]. This process
is semi-batch, in which purified TiCl4 is continuously fed into a reactor containing a molten
magnesium solution. The magnesium solution acts as a reductant, and the result is the production
of titanium sponge in a reactor [40,57]. The salt that forms from this reaction (MgCl2) is tapped out
of the reactor as it forms [57]. Economically and chemically, the Kroll process is not ideal, and
several research initiatives have attempted to improve on this process [57]. Alternative processes
have attempted to replace the Kroll process, but none have succeeded on an industrial scale. One
example is the Hunter process, which uses sodium instead of magnesium; but the last commercial
plant was closed in 1993 [52,57,62].
Titanium sponge-related articles that the SLR identified elaborated on improvements to the Kroll
process. These included additional laboratory scale tests, the development of arc-sprayed coatings
for the high temperature reactors, and the improvement on sponge quality by chloride removal using
vacuum distillation [40,49,60]. The articles also elaborated on waste neutralisation and processing
[55] and the impact that sponge production has on the environment [52]. To emphasise the safety
issues related to the production of titanium sponge (such as working with chlorine and working at
high temperatures), two risk assessments were included in the search results — one on the Kroll
plant’s operation and one on TiCl4 waste generation [45,59].
6.5 Ingots (Stage 5)
Titanium sponge is still a crude form of titanium metal, and it has to undergo heat treatment
processes to become a usable form of titanium or titanium alloy [74]. Titanium has a strong affinity
for oxygen and nitrogen; therefore titanium sponge cannot be melted in conventional refractories
[62]. The result is that titanium sponge needs to be melted in a water-cooled copper crucible that
is either in a vacuum or in an inert atmosphere [62]. Processes to melt titanium are electron-beam
remelting (EBR), vacuum arc melting and remelting (VAR), plasma arc remelting (PAR), and electro123

slag remelting (ESR) [62,65]. Heat treatment allows for the production of homogeneous electrodes
that can then be processed into ingots, blooms, billets, or slabs of titanium and titanium alloys [65].
To illustrate the processes involved in the production of ingots, the process flow of a VAR furnace is
shown in Figure 5.

Titanium sponge

Titanium scrap

Additives

Raw material blending
Briquette forming
Primary electrode welding
Primary melting
Secondary melting
Machining
Inspection and analysis
Product ingot
Figure 5: Processing steps to produce an ingot through VAR (adapted from [62])
One of the major drawbacks of the use of titanium metal is the high cost of titanium semi-finished
products [74]. This cost is exaggerated by each processing step, and is a reflection of the complexity
of the production process [74]. Titanium also has a low metal utilisation factor (also referred to as
‘the buy-to-fly ratio’), meaning that large amounts of scrap are generated compared with the
product produced. These drawbacks are forcing the industry to develop and implement promising
new manufacturing technologies [74].
The titanium market is becoming competitive, with new technologies forcing non-competitive
producers out of business [62]. From the literature obtained from the SLR, this is clearly visible in
the advances being applied in several heat treatment techniques. Paton, Trigub and Zhuk [65]
discussed the benefits of electron beam remelting above those of vacuum-arc melting. Some of
these benefits were the elimination of the electrode production phase, the ability to produce ingots
that are round or rectangular, the production of structurally and chemically homogeneous ingots
from one re-melt, and an increase in available metal yield [65]. Dobatkin and Anoshkin [64] discussed
the elemental segregation that occurs during VAR, and the benefits and shortcomings of this
segregation. Some of the literature provided more detailed chemical information on microstructure
evolution during the ingot formation process and the oxygen content of the product ingot [69].
6.6 Wrought or milled products (ingot metallurgy) (Stage 6)
The conventional titanium metal product value chain (metal from Kroll sponge) is seen as the
mainstream titanium production stream [136]. For this conventional value chain, the finished milled
or wrought product is the end of the chain, and the product is ready for the market. Dutta and Froes
[93] discussed the cost of these final products, mentioning that the downstream production of the
final products (such as casting, forging, and rolling) contributes most to the high titanium product
cost (Figure 6) [93]. This high cost is related to the machining of the ingots, blooms, billets, and
slabs, which creates a high buy-to-fly ratio [93].
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Figure 6: Cost of titanium at various stages of component fabrication ([93])
Articles obtained from the SLR search discussed finished products that are produced as wrought and
milled products, as well as the latest developments to improve the processes. One of the processes
that was discussed is the continuous casting process. The continuous casting of billets has proved to
be more economical and ecologically efficient than casting in molds [88]. To improve this method
further, Kuberskii, Essel’bakh and Novokhatskii [88] investigated the effect that different
concentrations of titanium have on the mechanical properties of the continuously casted billets.
Articles containing more detailed chemical research were also included in the search results; some
discussed the effects that heat treatment has on the microstructure and mechanical properties of
both wrought and cast (milled) products [79,137]. This is especially important for products that need
to meet the demand for aircraft structure parts [137].
The articles obtained from the literature search discussed several markets that use milled and
wrought products. These include the chemical field, where pipes are used in heat exchangers [83];
the biomedical field, where titanium alloys are used for dental implants [85]; the aerospace
industry, where titanium alloys are the material used to produce propellant tanks (welding of domes
and rings) [91]; and the military field (casting components for light-weight weapons) [129]. Titanium
milled and wrought products are also used for recreational purposes, such as golf club heads,
bicycles, motorcycle parts, and automotive turbocharger wheels [81,92].
A limitation observed from the literature search on milled and wrought products is that no mention
was made of the market size of wrought and milled products in the titanium industry. The articles
obtained from the SLR did not quantify the impact for the different industries, as each article was
limited to discussing only one such industry or product.
6.7 Metal powder (Stage 7)
Modern metallurgy is increasingly developing powder metallurgy (PM) [130] — the application of
metallurgical processes that use metal powders to produce metal products [136]. The main reason
for the growth in PM is the potential to apply cost reduction methods through the production of near
net shape products for structures with complex geometries [130,136].
Several techniques have been developed to produce titanium metal powder. These can be divided
into two mainstream processes: powder from sponge [138] and powder from direct electrochemical
reduction [134]. Powders produced from titanium sponge dominate the powder supplies [126]. These
powders mainly undergo the hydride-dehydride (HDH) process, or a variety of centrifugal
atomisation techniques [136]. Powders produced by the HDH process are relatively coarse and have
an angular morphology. Powders from the atomisation techniques are mostly spherical with a high
purity [130,136]. Spherical powders are generally expensive to produce [130].
Several countries are devoted to developing a method to produce titanium powder from direct
electrochemical reduction [104]. The literature obtained from this SLR discussed the following
processes:
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The Fray-Farting-Chen (FFC) process (now ‘Metalysis’) in the United Kingdom. This process
employs the direct electrochemical reduction of rutile minerals to obtain a high purity titanium
within molten calcium chloride [52,134].
The preform reduction process in Japan. This process is based on the calciothermic reduction
of preform containing TiO2 [134,139]. The Ono-Suzuki process is a variation of this process.
The Australian TiRO process. This is a continuous process for the direct production of
commercially pure (CP) Ti powder. The process is composed of two steps. In step one, TiCl4
and magnesium powder react in a fluidised bed to form small titanium metal particles. In the
second step, these particles (dispersed between spheroidal MgCl particles) are vacuum-distilled
to remove the MgCl particles. In the last step, the titanium particles combine to form a sintered
shell-like structure. The titanium is then ground to produce titanium powder [104].
The Armstrong process in the USA. This process entails the direct reduction of TiCl4 with liquid
sodium [100].
The combustion synthesis (CS) powder production technique in South Korea. This process
involves the direct reduction of TiO2 to Ti during combustion [99]. After combustion the powder
is spheredised to prepare the powder for further processing [99].
The CSIR process (South Africa). This process involves direct electro-chemical reduction of TiCl4
in a molten salt [104].

The literature obtained for the powder production stage of the titanium metal product value chain
mainly focused on the different techniques used to produce titanium powder. In addition to the
powder production techniques, the literature obtained from the SLR also discussed the processing
steps of the powder. The conventional processing of titanium powder includes press-and-sintering
and additive manufacturing [136], but the literature also refers to the production of products
normally associated with titanium sponge. This was evident in an article published by Gogaev et al.
[110] on the production of titanium powder sheets.
6.8 Powder products / near net shape (Stage 8)
In an effort to reduce the cost of titanium products, two research routes have been established.
Powder metallurgy (PM) plays an important part in both routes. The first is the development of novel
methods to extract titanium metal (discussed in section 6.7), and the second is the development of
creative fabrication technologies for titanium products [119].
The main fabrication routes established for PM titanium component production include metal
injection moulding (MIM), cold isostatic pressing (CIP), hot isostatic pressing (HIP), near net shape
HIP (NNS-HIP), and various free-form fabrication (or rapid manufacturing) routes such as 3D printing
[126]. It is, however, important to note that powders produced from different methods have
different shapes, sizes, and purities, and will therefore be processed differently, each for a specific
end use [130].
Products produced from titanium powder (including titanium alloys) are increasingly being preferred
above milled or wrought products. The reasons for this include the lower buy-to-fly ratio, the ability
to produce complex shapes (such as inner cavities and shapes), the potential to reduce residual
stresses (which are normally established during production), and the ability to work in a vacuum
chamber, thereby lowering contamination of the metal with oxygen [115,118].
The literature obtained from the SLR discussed the use of titanium and titanium alloy products for
several markets. The main industries discussed were aerospace, biomedical, and automobile. The
use of titanium powder in these industries can mainly be attributed to the metal’s strength-toweight-ratio, its resistance to corrosion, and its low density [115].
The aerospace industry is one of the major consumers of titanium metal [140]. This industry
dominates titanium consumption; more specifically, wrought titanium products dominate titanium
consumption [121]. Powder products for the aerospace industry are forced to compete with the
wrought products, and the sensitivity of powder to oxygen is one of the main challenges [121].
Examples of powder products used in the aerospace industry include jet-engine parts (in gas
turbines) and fasteners [4,126].
For the biomedical industry, titanium and its alloy foams have been identified as a lightweight,
biocompatible, and porous material that is suitable to improve fixation and enhance bone in-growth
[118]. The metal has been used successfully as a material for artificial hip joints and dentistry
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implants [115,118]. Tuncer, Arslan, Maire and Salvo [118] indicated that powder metallurgy is the
preferred process in the biomedical industry, as it provides a high degree of freedom and allows for
the production of a wide range of structures.
In contrast to the porous products required by the biomedical industry, the automobile industry
wants a fully dense material (such as for gearshift knobs) [4,117,132]. The quality of the product
can be improved by using a specific powder (such as gas-atomised pre-alloyed powders to avoid
swelling), combined with the most suitable process (such as HIP to densify the material) to obtain
the required metal properties [132].
Other components produced from titanium metal powder include toy components, surgical tools,
rifle and firearm components, watch cases, watch bands, watch clasps, eyeglasses components and
frames, cell phone hinges and knuckles, heat valves, golf clubs, implant devices, cosmetic cases,
and decorative hardware for luggage and purses [4].
The literature collected from the SLR search mainly discussed the operation and improvement of
the MIM technique for powder products [4,116,117,124]. A large overlap in the articles published on
powder production (stage 7) and powder products (stage 8) was also observed; these articles were
discussed under powder production.
7

DISCUSSION OF FINDINGS AND RESULTS

The literature obtained from the SLR has sufficient information on each stage of the value chain.
Information from the articles, collected on the different stages of the titanium product value chain,
can be split to represent the upstream and downstream sections of the value chain.
The upstream processes are represented by stages 1 to 4, and mainly discuss the raw and impure
forms of titanium. Titanium is an abundant element, and the most economical deposits to mine are
placer deposits where the heavy minerals have accumulated (stage 1). The purest natural form of
titanium is the rutile mineral (TiO2), but the ilmenite (FeTiO3) mineral is more abundant. The
beneficiation processes for the two minerals differ slightly, and after beneficiation an upgraded slag
or synthetic rutile (stage 2) is used to produce TiCl4 (stage 3). TiCl4 is seen as the pre-cursor of
titanium metal, as most downstream processes are dependent on this intermediate product. TiCl4
can either be thermos-chemically processed to form titanium sponge (mostly through the Kroll
process) (stage 4), or it can undergo a direct electrochemical reduction to produce titanium metal
powder (stage 7). Titanium sponge needs further processing to produce a usable form of titanium
metal. This is achieved by several phases of heat treatment to produce ingots, blooms, and billets
of slabs (stage 5).
The downstream section of the value chain is represented by processes and products of titanium
metal and metal alloys. There are two main pathways for the downstream section. In the first
pathway, the ingots (stage 5) are machined and fabricated into milled or wrought products (stage
6). In the second pathway, titanium metal powder (stage 7) is consolidated into a powder product
(stage 8).
From the upstream section (stages 1 to 4), the collected literature theme was based on established
technologies with minor adaptations for small improvements. The main theme observed from the
articles collected in the downstream section (stages 5 to 8) was to reduce the cost of titanium in
order to make the metal more accessible to the standard consumer, thus growing the market.
Although the literature did not directly address the fragmented nature of the industry, it could be
seen that each article only represented detailed information on one or two consecutive stages of
the value chain. South Africa featured in four stages of the value chain. First, it was mentioned that
the country has abundant titanium reserves (stage 1) [29]. Second, Nell [18] discussed the production
of titanium slag from ilmenite (stage 2). The third mention of South Africa was for research to
produce titanium powder (stage 7) [104], and last was the research done on titanium powders for
further processing (stage 8) [16,17].
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8

CONCLUSION AND RECOMMENDATIONS

The South African titanium metal value chain is underdeveloped. In order for the country to improve
its titanium metal industry, it would need to invest time and money in building a commercially viable
segment of the titanium metal product value chain. The South African government is committed to
growing the current value chain, as shown by ongoing research into the missing stages of the value
chain. One such example is the drive to develop a technology to produce titanium metal powder.
This SLR forms part of a bigger study that will revisit this approach. Based on the literature obtained
in the SLR, it is recommended that a vision should be defined for the products and markets on which
the country should focus, and the processing gaps that need to be filled to achieve the vision should
be identified. Such a vision should guide a titanium roadmap in the context of the fragmented value
chain.
The fragmented nature of the global titanium metal product value chain contributes to the limited
amount of information available on the value chain. It is therefore recommended that the accuracy
of the value chain used in this SLR should be reviewed and tested. It is also recommended that a
study be conducted to evaluate the extent of the global titanium metal value chain’s fragmentation.
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