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1791    Gregor; Discovery of titanium element
1795    Klaproth; Denominated as “Titanium”

History of titanium metallurgy and 
production of titanium sponge in 
Japan

Kroll process This study

Process 
type

Batch,
low speed

(Semi-)Continuous,
high speed

Feed 
material TiCl4 (l, g) TiCl2 or TiCl3 (s, l)

Heat of 
reduction, 
∆H° /  kJ molTi

– 434
(Huge heat)

– 94 ~ – 191
(Small heat)

Reactor 
material

Mild steel (Iron 
contamination 
unavoidable)

Titanium (No iron
contamination)

Reactor
size

Large (Crush and 
melt)

Small (No crush and 
direct melt)

Flux, sealant No use MgCl2, Ti

Common 
features

Magnesiothermic reduction of chloride.
Removal of MgCl2 and Mg from Ti sponge

by draining and vacuum distillation.
Ti with low oxygen is produced. 

Comparison of the Kroll process
and new process

1887  Nilson, Petterson; 
Reduction of TiCl4 by Na

1910  Hunter; Reduction of TiCl4 by Na

1940  Kroll; Reduction of TiCl4 by Mg

1925  van Arkel, DeBore;
Thermal dissociation of TiI4

Current titanium production
process is based on

the Kroll process.

Chlorination: TiO2 + C + 2 Cl2 → TiCl4 + CO2
Reduction: TiCl4 + 2 Mg → Ti + 2 MgCl2
Electrolysis: MgCl2 → Mg + Cl2

Feature
◎High purity titanium available
◎Effective metal / salt separation
○Established chlorine circulation
○Utilizes efficient Mg electrolysis
○Reduction and electrolysis operation 

can be carried out independently
×Complicated process
×Slow production speed
×Batch type process

Kroll process is huge exothermic reaction
→It requires several days to produce

titanium in large (ton) scale.

The Kroll process

Mg & MgCl2

TiCl4 Mg & MgCl2
recovery port

Sponge Ti
Electric heater

Mild steel chamber

Purpose of this study:
Establishment of continuous and 
high speed titanium reduction process
based on magnesiothermic reduction
of titanium sub-chlorides.

Mg

Rutile, Upgraded ilmenite

Cl2
Fluidized bed 
chlorination

Coke

Purification of TiCl4

CO, CO2

Vacuum distillation

TiCl4

Reduction of TiClx

Crude TiCl4 (+ VOClx, SiCl4, SnCl4)

Sponge Ti (+MgCl2, Mg)

Sponge Ti

Arc melting

Ti or Ti alloy ingot

Mg, MgCl2

VOClx, 
SiCl4,
SnCl4

Electrolysis
of MgCl2

Mg

MgCl2

Production of TiClx

Enrichment of TiClx

TiClx, MgCl2

TiClx (+ MgCl2)

Scrap Ti

MgCl2

Ti (+ MgCl2)

Target of this study

This study

Fig.   (a) Schematic illustration of the experimental
apparatus for magnesiothermic reduction of TiCl3,
(b) inner setup of reaction vessel, (c) vessel arrangement.
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Magnesiothermic reduction of TiCl3
proceeded at high speed.
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Fig.   XRD pattern of the obtained Ti sponge (Cu-Kα).

Table Analytical results of the obtained Ti sponge
after magnesiothermic reduction of TiCl3.

a: Determined by X-ray fluorescence analysis, and
the value excludes carbon and gaseous elements.

b: This value is average of the samples obtained from top and 
bottom part of Ti sponge.

Concentration of element i, Ci (mass%) a, b Yield
Ti Fe Ni Cr Mg Al (%)

99.18 0.50 0.01 0.02 0.09 0.21 87

Analytical results

・Pure metallic titanium was obtained
by this process. 

・Pathway for supplying Mg reductant
to feed TiCl3 was found to be important
from various experiments.

Fig.   (a) SEM image of sectioned crucible after 
reduction experiment, (b) element concentration 
profile across the boundary between stainless steel 
crucible and Ti deposit.

Stainless steel
crucible

Ti deposit

Distance, x / µm

In
te

ns
ity

 o
f X

–r
ay

, I
(a

.u
.)

0 100 200

50 µm

:Ti
:Cr
:Fe
:Ni

(a)

(b)

Control experiment for evaluation
of iron contamination from crucible

Iron contamination from stainless steel
crucible is unavoidable.

Magnesiothermic reduction of TiCl3 
and removal of by-product
by vacuum distillation

Fig.   Phase diagram for the Ti-Mg-Cl system at 
1073 K. (Ref. Okabe et al.: J. Japan Inst. Metals 61 
(1997) pp. 610-618.)
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Reductant

Exp. Over all
composition

Starting material in this study

Procedure: TiCl3 and Mg set into a titanium 
vessel were heated in Ar atmosphere, and the 
temperature change by magnesiothermic 
reduction of TiCl3 was monitored. After the 
reduction, excess Mg and by-product MgCl2
were removed by draining and vacuum 
distillation.

New titanium production process 
based on magnesiothermic reduction 
of titanium subhalides was proposed, 
and its feasibility was demonstrated.
In detail…
・High speed magnesiothermic 
reduction of TiCl3 was carried out,
and possibility for developing high 
speed reduction process was 
demonstrated.

・Pathway for supplying Mg reductant
to TiCl3 feed was found to be 
important.

・Ti crucible was shown to be 
applicable to magnesiothermic  
reduction of TiCl3, and new anti-
contamination process was 
proposed.

Currently, we are developing advanced 
processes (eg. TiCl2 production) for 
new titanium production process.

Step 2:
High speed
magnesiothermic
reduction of TiClx

Step 1:
High speed production
of Ti sub-chlorides, 
and enrichment of 
TiClx

Step 3:
High speed removal
of Mg and MgCl2 from 
Ti sponge by drain 
and vacuum 
distillation

New titanium production process
using titanium subhalides (TiClx, x=2, 3)

①TiCl4(l, g) + Mg (l, g) → TiClx (s, l) + MgCl2 (l)
TiCl4(l, g) + Ti (s, scrap) → TiClx (s, l)

②TiClx(s, l) + Mg (l, g) → Ti (s) + MgCl2 (l, g)

MgCl2
–TiClx
TiClx

TiCl4 Mg or Ti

TiClx+Mg
(+MgCl2)

Induction
coil
Ti vessel

Ti
sponge

Mg, MgCl2 (l)
drain

Distillation of
Mg, MgCl2 (g)

2TiCl3 + 3Mg → 2Ti + 3MgCl2

Mg(l) → Mg(g)
MgCl2(l) → MgCl2(g)

Results

Fig.   (a) Photograph of obtained Ti sponge
after magnesiothermic reduction of TiCl3,
(b) schematic illustration of experimental setup,
(c) photograph of drained MgCl2 and Mg liquid,
(d) condensed MgCl2 and Mg vapor.
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Titanium foil had no damage.

Appearance of 
obtained samples
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liquid
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<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


