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Titanium offers an excellent combination
of mechanical properties and corrosion
resistance. These features, coupled with
availability of product forms and ease of
fabrication, have led to extensive use of
titanium and its alloys in chemical process
equipment. Titanium is now a standard
material of construction for many
chemical processes and equipment, and
systems are being assembled by a variety
of fabricators on a routine basis for use in
many other industries. 

Successful utilization requires careful
consideration of titanium’s unique
characteristics at the design stage as
well as during fabrication. Factors such
as titanium’s high strength to weight
ratio, low elastic modulus, corrosion and
erosion resistance, its tendency toward
galling, and its reactivity at high
temperatures must be considered in
order to optimize designs in titanium. 
It is generally best to start fresh with
titanium’s properties in mind instead of
attempting to simply substitute titanium
for other materials previously used.
Fabricators who routinely work with
titanium will be helpful in optimizing
design of titanium equipment. 

The following sections address some
aspects of the design, fabrication and
maintenance of titanium equipment. 

Design of titanium equipment has
followed traditional standards established
for other materials of construction. ASTM
mill product specifications, TEMA and
ASME Code standards are followed in
fabrication. Standard product forms are
readily available. 

Throughout this publication TIMET
titanium alloys are identified using the
TIMETAL® format. This system identifies
titanium alloys and products which 
have been under TIMET control during
all phases of production, from ore
through mill product; for example, 
Ti-50A (ASTM Gr. 2) is referred to 
as TIMETAL 50A.
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I N T R O D U C T I O N



The successful design of titanium
equipment begins with consideration 
of the environment to which the
equipment is to be exposed. The
corrodents present and maximum
operating temperature (under upset
conditions, possibly) will dictate which
TIMET alloy should be selected. The
physical and mechanical properties of
the alloy selected may, in turn, dictate

some design features. For example, 
the ductility of an alloy limits the
minimum bend radius which is feasible
for sheet, plate or tubing. It will also be
advantageous to incorporate standard
product forms into designs utilizing
titanium. The excellent corrosion
resistance of titanium often permits a
zero corrosion allowance to be specified.
Wall thickness for vessels and heat

exchanger tubing, therefore, is normally
less than would be required for 
other materials.

C h e m i c a l  C o m p o s i t i o n

The chemical compositions of titanium
alloys used in industrial applications are
given in Table 1.
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D E S I G N I N G  W I T H  T I T A N I U M

Nominal Chemic al Composition 

Table 1

35A 1 R50250 0.03 0.08 0.015 0.20 0.18 — — — — — — — — 0.10 0.40
35A .05Pd1 17 R52252 0.03 0.08 0.015 0.20 0.18 — — — — — — — .04-.08 0.10 0.40
35A .15Pd 11 R52250 0.03 0.08 0.015 0.20 0.18 — — — — — — — .12-.25 0.10 0.40
50A 2 R50400 0.03 0.08 0.015 0.30 0.25 — — — — — — — — 0.10 0.40
50A .05Pd1 16 R52402 0.03 0.08 0.015 0.30 0.25 — — — — — — — .04-.08 0.10 0.40
50A .15Pd 7 R52400 0.03 0.08 0.015 0.30 0.25 — — — — — — — .12-.25 0.10 0.40
65A 3 R50550 0.05 0.08 0.015 0.30 0.35 — — — — — — — — 0.10 0.40
Code 12 12 R53400 0.03 0.08 0.015 0.30 0.25 — — .6-.9 .2-.4 — — — — 0.10 0.40
3-2.5 9 R56320 0.03 0.08 0.015 0.25 0.15 2.5-3.5 2.0-3.0 — — — — — — 0.10 0.40
3-2.5 .05Pd1 18 R56322 0.03 0.08 0.015 0.25 0.15 2.5-3.5 2.0-3.0 — — — — — .04-.08 0.10 0.40
6-4 5 R56400 0.05 0.08 0.015 0.40 0.20 5.5-6.75 3.5-4.5 — — — — — — 0.10 0.40
6-4 ELI 23 — 0.03 0.08 0.015 0.40 0.13 5.5-6.5 3.5-4.5 — — — — — — 0.10 0.40
21S 21 R58210 0.03 0.05 0.015 0.40 0.17 2.5-3.5 — — 14.0-16.0 2.2-3.2 — — — 0.10 0.40
21S .05Pd — 0.03 0.05 0.015 0.40 0.17 2.5-3.5 — — 14.0-16.0 2.2-3.2 — — .04-.08 0.10 0.40
38644 19 R58640 0.03 0.05 0.020 0.30 0.12 3.0-4.0 7.5-8.5 — 3.5-4.5 — 5.5-6.5 3.5-4.5 — 0.15 0.40
38644 .05Pd 20 R58645 0.03 0.05 0.020 0.30 0.12 3.0-4.0 7.5-8.5 — 3.5-4.5 — 5.5-6.5 3.5-4.5 .04-.08 0.15 0.40

1 These Grades were included into the ASTM Specifications for titanium mill products in 1992, but have not been included at the time of publication in the ASME
Boiler Code Specifications. For the reader’s information, the mechanical properties of the palladium (Pd) modified Grades are the same as the base Grades. 
The only difference of note is the improved corrosion resistance of the Pd modified Grades.

Residuals,
ASTM UNS N C H Fe O Ea Total

TIMETAL Grade Desig. Max Max Max Max Max Al V Ni Mo Nb Cr Zr Pd Max Max

Titanium Product Forms and ASTM/ASME Boiler Code Specifications

Table 2

Strip, Sheet, Plate B265 n n n n n n n n n n n

SB265 n n n ¶ ¶ n ¶ ¶ ¶ n n

Welded Pipe B337 n n n ¶ ¶ n n n n n n

SB337 n n n ¶ ¶ n ¶ ¶ ¶ n n

Welded Tubing B338 n n n ¶ ¶ n n n n n n

SB338 n n n ¶ ¶ n ¶ ¶ ¶ n n

Bars and Billets B348 n n n n n n n n n n n

SB348 n n n ¶ ¶ n ¶ ¶ ¶ n n

Welded Fittings B363 n n n ¶ ¶ ¶ ¶ ¶ ¶ n ¶

Castings B367 ¶ n n ¶ n n ¶ ¶ ¶ ¶ ¶

Forgings B381 • • • • • • • • • • •
SB381 • • • ¶ ¶ • ¶ ¶ ¶ • •

*n Alloy covered by specifications and product forms available from TIMET.
•Alloy covered by specification but product forms not available from TIMET.
¶ Alloy not covered by specification.

** In process of ASME approval for SB specs.

Alloys Covered*

TIMETAL: 35A 50A 65A 75A 6-4 50A .15Pd 50A .05Pd 35A .15Pd 35A .05Pd Code 12 3-2.5
ASTM: Gr. 1 Gr. 2 Gr. 3 Gr. 4 Gr. 5 Gr. 7 Gr. 16** Gr. 11 Gr. 17** Gr. 12 Gr. 9

ASTM/ASME
Product Forms Specs



P r o d u c t  F o r m s  A v a i l a b l e /
A S T M  S p e c i f i c a t i o n s

The titanium product forms available
and the ASTM specifications which cover
these are given in Table 2. As noted,
TIMET is a supplier of strip, sheet, plate,
bars, billets and castings. Tubing is
supplied through VALTIMET, a joint
venture company formed between 

Vallourec and TIMET. TIMET’s
CODEROLL program for sheet and plate
provides standard stock sizes for ASME
Boiler Code applications which reduce
costs and increase design efficiencies.
Likewise, VALTIMET’s CODEWELD
tubing is available in a variety of sizes
which allow flexibility of design.
Through its worldwide service center 

network TIMET offers a full range of
titanium mill products, pipe, fasteners,
fittings, weld wire and extrusions.

D e s i g n  S t r e s s e s

Maximum allowable stress values as set
forth by the ASME Boiler and Pressure
Vessel Code, Section VIII-Division 1
(prior to 1995); Section II, Part D (since
1995) are given in Table 3. These values 
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Maximum Allowable Stress Values in Tension for 
Annealed Titanium and Titanium Alloys,  KSI*

Table 3

Sheet 1 35A 35.0 25.0 — 8.8 8.1 7.3 6.5 5.8 5.2 4.8 4.5 4.1 3.6 3.1
Strip 2 50A 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
Plate 3 65A 65.0 55.0 — 16.3 15.6 14.3 13.0 11.7 10.4 9.3 8.3 7.5 6.7 6.0
SB-265 7 50A .15Pd 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7

12 Code 12 70.0 50.0 — 17.5 17.5 16.4 15.2 14.2 13.3 12.5 11.9 11.4 — —
9 3-2.5 90.0 70.0 — 22.5 22.5 21.7 20.8 19.8 18.6 17.6 16.8 15.8 15.3 15.1

Pipe 1 35A 35.0 25.0 — 8.8 8.1 7.3 6.5 5.8 5.2 4.8 4.5 4.1 3.6 3.1
SB-337 2 50A 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
Seamless 3 65A 65.0 55.0 — 16.3 15.6 14.3 13.0 11.7 10.4 9.3 8.3 7.5 6.7 6.0

7 50A .15Pd 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
12 Code 12 70.0 50.0 — 17.5 17.5 16.4 15.2 14.2 13.3 12.5 11.9 11.4 — —
9 3-2.5 90.0 70.0 — 22.5 22.5 21.7 20.8 19.8 18.6 17.6 16.8 15.8 15.3 15.1

Pipe 1 35A 35.0 25.0 (1)(2) 7.5 6.9 6.2 5.5 4.9 4.4 4.1 3.8 3.5 3.1 2.6
SB-337 2 50A 50.0 40.0 (1)(2) 10.6 10.2 9.3 8.4 7.7 7.1 6.5 6.1 5.6 5.3 4.8
Welded 3 65A 65.0 55.0 (1)(2) 13.9 13.3 12.2 11.1 10.0 8.8 7.9 7.1 6.4 5.7 5.1

7 50A .15Pd 50.0 40.0 (1)(2) 10.6 10.2 9.3 8.4 7.7 7.1 6.5 6.1 5.6 5.3 4.8
12 Code 12 70.0 50.0 (1)(2) 14.8 14.8 13.9 12.9 12.0 11.3 10.6 10.1 9.6 — —
9 3-2.5 90.0 70.0 (1)(2) 19.1 19.1 18.4 17.7 16.8 15.8 15.0 14.3 13.4 13.0 12.8

Tubing 1 35A 35.0 25.0 — 8.8 8.1 7.3 6.5 5.8 5.2 4.8 4.5 4.1 3.6 3.1
SB-338 2 50A 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
Seamless 3 65A 65.0 55.0 — 16.3 15.6 14.3 13.0 11.7 10.4 9.3 8.3 7.5 6.7 6.0

7 50A .15Pd 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
12 Code 12 70.0 50.0 — 17.5 17.5 16.4 15.2 14.2 13.3 12.5 11.9 11.4 — —
9 3-2.5 90.0 70.0 — 22.5 22.5 21.7 20.8 19.8 18.6 17.6 16.8 15.8 15.3 15.1

Tubing 1 35A 35.0 25.0 (1)(2) 7.5 6.9 6.2 5.5 4.9 4.4 4.1 3.8 3.5 3.1 2.6
SB-338 2 50A 50.0 40.0 (1)(2) 10.6 10.2 9.3 8.4 7.7 7.1 6.5 6.1 5.6 5.3 4.8
Welded 3 65A 65.0 55.0 (1)(2) 13.9 13.3 12.2 11.1 10.0 8.8 7.9 7.1 6.4 5.7 5.1

7 50A .15Pd 50.0 40.0 (1)(2) 10.6 10.2 9.3 8.4 7.7 7.1 6.5 6.1 5.6 5.3 4.8
12 Code 12 70.0 50.0 (1)(2) 14.8 14.8 13.9 12.9 12.0 11.3 10.6 10.1 9.6 — —
9 3-2.5 90.0 70.0 (1)(2) 19.1 19.1 18.4 17.7 16.8 15.8 15.0 14.3 13.4 13.0 12.8

Forgings F1 35A 35.0 25.0 — 8.8 8.1 7.3 6.5 5.8 5.2 4.8 4.5 4.1 3.6 3.1
SB-381 F2 50A 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7

F3 65A 65.0 55.0 — 16.3 15.6 14.3 13.0 11.7 10.4 9.3 8.3 7.5 6.7 6.0
F7 50A .15Pd 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
F12 Code 12 70.0 50.0 — 17.5 17.5 16.4 15.2 14.2 13.3 12.5 11.9 11.4 — —

Bar 1 35A 35.0 25.0 — 8.8 8.1 7.3 6.5 5.8 5.2 4.8 4.5 4.1 3.6 3.1
Billet 2 50A 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
SB-348 3 65A 65.0 55.0 — 16.3 15.6 14.3 13.0 11.7 10.4 9.3 8.3 7.5 6.7 6.0

7 50A .15Pd 50.0 40.0 — 12.5 12.0 10.9 9.9 9.0 8.4 7.7 7.2 6.6 6.2 5.7
12 Code 12 70.0 50.0 — 17.5 17.5 16.4 15.2 14.2 13.3 12.5 11.9 11.4 — —

Castings C-2 50A 50.0 40.0 — 12.5 11.4 10.3 9.3 8.7 7.7 7.0 6.5 6.1 — —
SB-367 C-3 65A 65.0 55.0 — 16.3 15.2 13.8 12.5 11.7 10.0 8.9 8.2 7.5 — —
Fittings WPT1 35A 35.0 25.0 — 8.8 — 7.3 — 5.8 — 4.8 — 4.1 — 3.1
SB-363 WPT2 50A 50.0 40.0 — 12.5 — 10.9 — 9.0 — 7.7 — 6.6 — 5.7
Seamless WPT3 65A 65.0 55.0 — 16.3 — 14.3 — 11.7 — 9.3 — 7.5 — 6.0
Fittings WPT1W 35A 35.0 25.0 — 7.5 — 6.2 — 4.9 — 4.1 — 3.5 — 2.6
SB-363 WPT2W 50A 50.0 40.0 — 10.6 — 9.3 — 7.7 — 6.5 — 5.6 — 4.8
Welded WPT3W 65A 65.0 55.0 — 13.8 — 12.1 — 10.0 — 7.9 — 6.4 — 5.1

Notes: (1) 85% joint efficiency has been used in determining the allowance stress values for welded pipe and tube [see UG-31(a)].
(2) Filler metal shall not be used in the manufacture of welded tubing or pipe.

Values in this table are smaller of 1/3 of the minimum yield strength or 1/4 of the specified tensile strength. 

*From Table UNF-23.4 ASME Boiler and Pressure Vessel Code, Section VIII-Division 1 (prior to 1995). 
From Table 1B, Section II, Part D, ASME Boiler and Pressure Vessel Code for Section VIII, Division 1 Service (since 1995).

Material Specified Min. Yield For Metal Temperature Not Exceeding °F (°C)
Form and ASTM Tensile 0.2% 100 150 200 250 300 350 400 450 500 550 600
Spec. No. Grade TIMETAL Strength Offset Notes (38) (66) (93) (121) (149) (177) (204) (232) (260) (288) (316)
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Design Stress Intensity Values in Tension for 
Annealed Titanium and Titanium AlloYs,  KSI*

Table 4

Plate, Sheet and Strip
SB-265 1 35A 51 35.0 25.0 — 11.7 10.8 9.7 8.6 7.7 6.9 6.4 6.0 5.3 4.7 4.2

2 50A 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3
3 65A 52 65.0 55.0 — 21.7 20.8 19.0 17.3 15.6 13.9 12.3 11.1 9.9 8.9 8.0
7 50A .15Pd 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3

Pipe and Tubing
SB-337 1 35A 51 35.0 25.0 — 11.7 10.8 9.7 8.6 7.7 6.9 6.4 6.0 5.3 4.7 4.2
SB-338 2 50A 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3
Seamless 3 65A 52 65.0 55.0 — 21.7 20.8 19.0 17.3 15.6 13.9 12.3 11.1 9.9 8.9 8.0

7 50A .15Pd 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3

SB-337 1 35A 51 35.0 25.0 (1)(2) 9.9 9.2 8.3 7.3 6.5 5.9 5.4 5.1 4.5 4.0 3.6
SB-338 2 50A 51 50.0 40.0 (1)(2) 14.2 14.2 14.2 11.6 10.5 9.3 8.3 7.5 6.8 7.4 6.2
Welded 3 65A 52 65.0 55.0 (1)(2) 18.4 17.7 16.2 14.7 13.3 11.8 10.5 9.4 8.4 7.6 6.8

7 50A .15Pd 51 50.0 40.0 (1)(2) 14.2 14.2 14.2 11.6 10.5 9.3 8.3 7.5 6.8 6.4 6.2
Bar and Billet
SB-348 1 35A 51 35.0 25.0 — 11.7 10.8 9.7 8.6 7.7 6.9 6.4 6.0 5.3 4.7 4.2

2 50A 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3
3 65A 52 65.0 55.0 — 21.7 20.8 19.0 17.3 15.6 13.9 12.3 11.1 9.9 8.9 8.0
7 50A .15Pd 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3

Forgings
SB-381 F1 35A 51 35.0 25.0 — 11.7 10.8 9.7 8.6 7.7 6.9 6.4 6.0 5.3 4.7 4.2

F2 50A 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3
F3 65A 52 65.0 55.0 — 21.7 20.8 19.0 17.3 15.6 13.9 12.3 11.1 9.9 8.9 8.0
F7 50A .15Pd 51 50.0 40.0 — 16.7 16.7 16.7 13.7 12.3 10.9 9.8 8.8 8.0 7.5 7.3

NOTES: (1) A quality factor of 0.85 has been applied in arriving at the design intensity values of this material.
(2) Filler metal shall not be used in the manufacture of welded tubing or pipe. 

*From Table ANF-1.4 ASME Boiler and Pressure Vessel Code, Section VIII-Division 2 (prior to 1995). 
From Table 2B, Section II, Part D, ASTM Boiler and Pressure Vessel Code, for Section VIII, Division 2 Service (since 1995).

Instructions for calculating A and B and for using this chart are given in ASME Boiler and Pressure Vessel Code Section VIII Division 1 Part UG paragraph UG-28.
From Fig. 5-UNF-28.28 Appendix 5 Section VIII, Division 1 ASME Boiler and Pressure Vessel Code (prior to 1995).
From Fig. NFT-2, Section II, Part D ASME Boiler and Pressure Vessel Code (since 1995).

Specified Min.Yield For Metal Temperature Not Exceeding °F (°C)
Spec. ASTM Tensile 0.2% 100 150 200 250 300 350 400 450 500 550 600
No. Grade TIMETAL P-No. Strength Offset Notes (38) (66) (93) (121) (149) (177) (204) (232) (260) (288) (316)
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600 °F  (316 °C)
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Pa = ——— and Pa = ———

3(D° /t) 3(D° /t)



are obtained using the prescribed ASME
Boiler Code Procedure, i.e., the lesser of
one fourth of the ultimate tensile
strength or one third of the 2% offset
yield strength at each given temperature.
Various product forms of annealed
TIMETAL (ASTM Grade) alloys are
covered in this table. Design stress
intensity values (for less severe service)
for Section VIII-Division 2 construction
are given in Table 4. Figures 1 and 2 are
charts for determining shell thickness 
of cylindrical and spherical vessels under
external pressure when constructed 
of TIMETAL 50A (Gr. 2) and TIMETAL
65A (Gr. 3), respectively, following 
ASME procedures.

L o w  T e m p e r a t u r e s

Titanium has excellent properties at low
temperatures. Best ductility at very low
temperatures is available from TIMETAL
35A (Gr. 1) and TIMETAL 50A (Gr. 2).
However, no marked drop in impact
resistance is observed at subzero
temperatures in any of the titanium
alloys. Because of this, the ASME Boiler
and Pressure Vessel Code allows
unalloyed titanium TIMETAL 35A (Gr. 1),
TIMETAL 50A (Gr. 2), TIMETAL 65A
(Gr. 3) and TIMETAL 50A .15Pd (Gr. 7) 

to be used down to -75°F (-59°C)
provided the user is satisfied that
suitable ductility is available at the
design temperature. Notched and
unnotched tensile tests are suggested by
ASME as means whereby the titanium
alloy can be judged to be suitable.
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G E N E R A L  N O T E :  S E E  TA B L E  N T F - 1  F O R  TA B U L A R  VA L U E S

4B 2AE
Pa = ——— and Pa = ———

3(D° /t) 3(D° /t)

Instructions for calculating A and B and for using this chart are given in ASME Boiler and Pressure Vessel Code Section VIII Division 1 Part UG paragraph UG-28.
From Fig. 5-UNF-28.22 Appendix 5 Section VIII, Division 1 ASME Boiler and Pressure Vessel Code (prior to 1995).
From Fig. NFT-1, Section II, Part D ASME Boiler and Pressure Vessel Code (since 1995).
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Welded Tubing Safe Internal Working Pressure (psi)† At 100°F (38°C)
For Annealed TIMETAL 50A (ASTM Grade 2), TIMETAL 50A .15Pd (ASTM Grade 7) 
and TIMETAL 50A .05Pd (ASTM Grade 16*)

Table 5a

0.020 788 626 520 444 388 310 257 220 193 171 154
0.022 869 691 573 490 428 341 283 243 212 188 169
0.025 992 788 653 558 487 388 323 276 241 214 193
0.028 1116 885 734 626 547 435 362 310 270 240 216
0.032 1283 1017 842 718 626 499 414 354 310 275 247
0.035 1410 1116 924 788 687 547 454 388 339 301 270
0.042 1710 1351 1116 951 828 659 547 467 408 362 325
0.049 2017 1589 1311 1116 971 771 640 547 477 423 380
0.058 1902 1566 1331 1158 918 761 649 566 502 451
0.065 1768 1501 1304 1033 855 730 636 564 507
0.072 1972 1673 1452 1149 951 811 707 626 562
0.083 1947 1688 1334 1102 939 818 725 650
0.095 1950 1538 1269 1080 941 833 747
0.109 2262 1779 1466 1247 1085 960 861
0.120 2512 1972 1624 1380 1199 1061 951

Outside Diameter of Tube
Wall 1/2" 5/8" 3/4" 7/8" 1" 1-1/4" 1-1/2" 1-3/4" 2" 2-1/4" 2-1/2"
(Inches) 0.5 0.625 0.750 0.875 1.00 1.25 1.50 1.75 2.00 2.25 2.50

SEt†Pressure calculated from P = ––––––––
Ro – 0.4t

If maximum allowable stress (S) is chosen from the welded tubing section of Table 3, the 85% 
joint efficiency has already been applied to these values and the following formula applies:

where S = Maximum allowable stress from the seamless tubing section of Table 3, psi; E = 0.85 for welded tubing and 1 for seamless tubing;
t = Minimum tube wall thickness allowed (nominal – 10%), inches; and Ro = 1/2 the tube outside diameter, inches. 

*ASTM Grade 16 is in the process of ASME SB338 approval.
The safe external working pressures are shown in Table 5.

St
P = ––––––––

Ro – 0.4t

Welded Tubing Safe External Working Pressure (psi) at 100°F (38°C)
For Annealed TIMETAL 50A (ASTM Grade 2), TIMETAL 50A .15Pd (ASTM Grade 7)
and TIMETAL 50A .05Pd (ASTM Grade 16*)

Table 5

0.020 621 374 206 130 85 42
0.022 723 467 298 170 122 62
0.025 898 621 431 269 164 85
0.028 1066 749 533 359 254 126 75 42 32
0.032 1277 928 691 514 359 177 104 66 42
0.035 1444 1066 820 621 460 254 135 85 57 40 32
0.042 2114 1371 1060 857 676 436 254 144 98 71 48
0.049 2522 1662 1314 1066 879 600 381 254 155 111 81
0.058 2009 1630 1337 1117 799 570 417 289 181 133
0.065 1856 1557 1304 949 712 528 376 283 192
0.072 2094 1753 1506 1103 857 643 490 359 273
0.083 2446 2064 1773 1340 1050 844 649 523 425
0.095 2067 1598 1260 1024 845 682 551
0.109 2403 1868 1522 1237 1032 867 714
0.120 2679 2094 1700 1407 1190 1003 857

Outside Diameter of Tube
Wall 1/2" 5/8" 3/4" 7/8" 1" 1-1/4" 1-1/2" 1-3/4" 2" 2-1/4" 2-1/2"
(Inches) 0.5 0.625 0.750 0.875 1.00 1.25 1.50 1.75 2.00 2.25 2.50

According to Part VG Paragraph VG-2B: (1) Calculate Do/t. (2) Obtain Factor A from Figure 5-VGO-28.0 Appendix 5, Section VIII, Division 1 ASME Boiler and Pressure Vessel Code (prior to
1995), or from Figure G, Section II, Part D, ASME Boiler and Pressure Vessel Code (since 1995). (3) Obtain Factor B. Refer to Figure 1 (ASTM Grades 2, 7, 16*) or Figure 2 (ASTM Grade 3).

4B 4B
(4) External Pressure Formula: Pa = –––––––– assumes a seamless tube. For welded tube: Pa = ––––––––– x .85 [E = .85]

3 (Do/t) 3 (Do/t)

*ASTM Grade 16 is in the process of ASME SB338 approval.
The safe internal working pressures are shown in Table 5A.

Note: Values in this table may not be exact as they were manually extracted 
from Figure 1 to determine factors A and B in the pressure formula.



W e l d e d  T u b i n g  –  S a f e
W o r k i n g  P r e s s u r e s

Safe external working pressures for
annealed TIMETAL 50A (Gr. 2) welded
tubing of various diameters and wall
thickness for temperatures up to 100°F
(38°C) are given in Table 5. The
multiplying factors given in Table 6
allow calculation of safe internal
pressures for welded tubing for other
alloys and to temperatures as high as
600°F (316°C). The data in Tables 5A

and 6 can be used to select the
minimum wall thickness of welded
tubing required for internal pressure 
and temperature conditions anticipated
in heat exchanger service. Unlike many
other materials, a corrosion allowance is

usually not required for titanium. 
This permits thinner-walled tubing to 
be used than is generally practical with
other materials.

T u b e  V i b r a t i o n  a n d
R i g i d i t y

Tube vibration in a heat exchanger
occurs when shellside cross flow velocity
is too high and baffle spacing is too
distant. Excessive tube vibration may
result in fatigue failures at support
plates or in midspan collision damage.

Titanium’s hardness and corrosion
fatigue resistance act to minimize
vibration damage, but its lower modulus
(than steel or copper-nickel alloys) 
must be considered in design to keep
deflection within acceptable limits.

Proper baffle design and spacing should
be incorporated into the designs of both
new and retrofit titanium tube bundles 
to avoid flow induced vibration. A
comparison of static deflections for
titanium tubing and other materials and
the reduction in baffle spacing required
when using titanium tubes is shown in
Table 7. The data illustrate that a
reduction in baffle space is more effective
than an increase in wall thickness in
decreasing deflection. Generally, if
vibration has not been a problem in a heat
exchanger, retubing with titanium using
proper baffle spacing will eliminate flow
induced vibration as a potential problem.
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Multiplying Factors to Determine Safe Internal Working Pressures
of Annealed, Welded Titanium Tubing at Elevated Temperatures*

Table 6

35A 1 .704 .648 .584 .520 .464 .416 .384 .360 .328 .288 .248
50A 2
50A .15Pd 7 1.000 .960 .872 .792 .726 .672 .616 .576 .528 .496 .456
65A 3 1.304 1.248 1.144 1.040 .936 .832 .744 .664 .600 .536 .480
Code 12 12 1.400 1.400 1.312 1.216 1.136 1.065 1.000 .952 .912

*Select safe working pressure (SWP) for TIMETAL 50A tubing of desired size and gauge from Table 5A. Then use multiplying factor from Table 6 above to determine SWP for desired alloy and temperature. 

Example: Determine SWP for TIMETAL Code 12 1"x .065" welded tubing at 350°F. From Table 5A, SWP for 1"x .065" TIMETAL 50A welded tubing at 100°F is 1304 psi. The multiplying factor 
for TIMETAL Code 12 at 350°F from Table 6 above is 1.065. The SWP for TIMETAL Code 12 at 350°F is calculated as 1.065 x 1304 = 1389 psi.

For Metal Temperatures Not Exceeding, °F (°C)
TIMETAL ASTM Grade 100 (38) 150 (66) 200 (93) 250 (121) 300 (149) 350 (177) 400 (204) 450 (232) 500 (260) 550 (288) 600 (316)

Support Pl ate Spacing Reduction

Table 7

Titanium 3/4” .049 18 5.5 0.0
.065 16 12.0 5.3

70-30 Cu-Ni 3/4” .049 18 15.5 9.3
.065 16 20.0 14.1

90-10 Cu-Ni 3/4” .049 18 11.0 4.6
.065 16 16.0 9.7

Aluminum Bronze 
and Admiralty Brass 3/4” .065 16 13.3 7.0
Titanium 1 .035 20 0.0 0.0

.049 18 7.0 0.0

.065 16 12.4 5.7
70-30 Cu-Ni 1 .049 18 16.0 9.3

.065 16 16.4 10.0
90-10 Cu-Ni 1 .049 18 11.3 4.7

.065 16 16.4 10.0
Aluminum Bronze 
and Admiralty Brass 1 .065 16 13.9 7.4

% Spacing Reduction
O.D. Replacement with Titanium

Tube Size Wall 0.035" 0.049"
Material (Inches) (Inches) BWG 20 BWG 18 BWG



H e a t  T r a n s f e r

The thermal conductivity of titanium is
roughly 50% higher than 304 stainless
steel as shown in Table 8. This
contributes to its excellent heat 
transfer properties.

The overall heat transfer coefficient, U
(Btu/hr.-ft2-°F), indicates the ability of a
surface to transfer heat from one

flowing fluid on one side to another fluid
on the opposite side. The inverse of the
coefficient, (1/U), can be considered to
be the total resistance to heat flow
which, as indicated in Figure 3, is made
up of five component resistances: tube-
side fluid, rt, tube-side fouling, rtf, tube
metal, rm, shell-side fouling, rsf, and
shell-side fluid, rs. An ideal tube material
will resist fouling (minimizing rtf and rsf),

permit high tube side velocities
(minimizing rt), and be usable in thinnest
section (minimizing rm).

A zero corrosion allowance can often 
be specified for titanium. This, coupled
with adequate strength, permits
titanium tubing to be used with
unusually thin walls.
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Thermal conductivity of metals ,  Btu/hr.-ft. 2 -°F/in.

Table 8

Naval Brass 852 888 924 960 996
Admiralty Brass 768 840 900 948 1008 1068
90-10 Cu-Ni 348 360 372 408 444 504
70-30 Cu-Ni 204 216 228 252 276 300
Monel 180 180 192 192 204
TIMETAL 50A 150 147 144 141 138 134
TIMETAL Code 12 148 140 137 135 132 130
Type 304 SS 104 112 118 125 131 136

Material 100°F (38°C) 200°F (93°C) 300°F (149°C) 400°F (204°C) 500°F (260°C) 600°F (316°C)

F I G U R E  3
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The high resistance of titanium to
corrosion prevents buildup of corrosion
products which rob other metals of heat
transfer efficiency. Titanium’s hard,
smooth surface also minimizes buildup
of external fouling films and makes
cleaning and maintenance easier. 
Figure 4 shows the high rates of

distillation and condensation for
titanium, as compared to other metals. 

The excellent resistance of titanium to
turbulence and erosion-corrosion
permits use of relatively high flow rates
of 18-22 ft./sec. in silt-laden seawater
or even up to 100 ft./sec. in clean
seawater without damage to the passive
oxide film. Tests in 80°F (27°C) sea

water for 60 days at 25 ft./sec. have
shown titanium’s corrosion-erosion
resistance to be 80 times better than
that of the next-best material, a
copper-nickel alloy. Other tests in 
85°F (29°C) sea water for 60 days at 
27 ft./sec. proved titanium to be almost
100 times better than stainless steel, 
the next-best material.
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F I G U R E  4
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Rates of distillation and condensation are high for titanium compared to other metal heat exchanger surfaces.  
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Putting it all together – the resulting
overall heat transfer rate of titanium
surfaces is often comparable to that of
metals with higher thermal conductivity.
The data in Figure 5, for instance,
illustrates that the overall heat transfer
coefficient of titanium in a desalination
environment equalizes to that of 
90-10 copper nickel after a short
operating period.

The copper-nickel alloy, due to its higher
thermal conductivity, had a higher
overall heat transfer coefficient when
first placed in service with clean surfaces.
However, as fouling due to corrosion
product proceeded on the 90-10 alloy
with time, the heat transfer coefficient
dropped to a value equal to that of
titanium which did not experience
corrosion product fouling. In these 
tests, sea water moved at 5 ft./sec. 

inside 3/4” x 18 gauge tubes and steam
was condensing on the outside. Had
thin-walled titanium tubing been used 
as is present practice, the heat transfer
coefficient for titanium would have been
higher than that of the copper-nickel
alloy almost from the start.

S o l i d ,  C l a d  o r  L i n e d
C o n s t r u c t i o n

A variety of process equipment has
been fabricated of solid titanium,
titanium-clad steel, and with titanium
linings. Choice of one construction over
another depends on several factors,
among them the environment, the
feasibility of manufacture and cost.
Consultation with experienced titanium
fabricators will facilitate selection.

Solid Titanium

Solid construction is in many cases the
most straight-forward and economical
fabrication approach for titanium
equipment. This appears to be
particularly applicable for equipment
which will be subjected to vacuum, 
when thermal cycling is frequent, when
internals must be positioned inside 
a vessel, and when the wall of the
equipment is moderately light, i.e., on
the order of up to 3/4-inch in thickness.
It may be more economical to utilize clad
construction for heavier wall thickness.

Clad Construction

When pressure and temperature
conditions dictate a need for wall
thickness of one inch or greater,
titanium-clad steel may be the desired
approach. Large plates with a thin
titanium layer explosively bonded to
steel are available. With the titanium
providing the necessary corrosion
resistance, the lower cost carbon steel
provides strength. Explosive cladding
produces a metallurgical bond which
transfers heat far better than a loose
liner. The clad product also enables
thermal cycling without fear of
separation of the two metals. Welding of
clad product requires special techniques
which first involve joining and inspection
of the carbon steel followed by joining
of the titanium layer. Care to prevent
contamination of the titanium by iron or
by air must be exercised.
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Titanium Linings

Titanium linings can be used in
equipment which will not operate 
under a vacuum and whose maximum
operating temperature does not exceed
about 400°F (204°C). Once again, the
titanium liner provides the corrosion
resistance while a cheaper metal, usually
steel, contributes strength.

Several lining methods have been used
which utilize titanium. These include:
loose-fit linings, mechanical or weld-
fastened linings, and linings expanded
into place inside the equipment.
Experienced fabricators will be helpful 
in selecting the proper technique.

In general, lining is not recommended
for equipment to be operated above
400°F (204°C). The thermal expansion
of titanium is less than that of steel.
Differential expansion can cause
stresses which on thermal cycling may
cause fracture of the lining, particularly
in large equipment.

Loose Linings

As the term implies, a thin titanium
lining is fabricated to the required
configuration and is then positioned in
the intended equipment. Flanges are
generally used to prevent the lining from
moving. Generally, a gasket material is
used between mating flanges.

Loose linings are the least costly method
and are used in small to medium-sized
equipment which is not subject to
pressure or vacuum. Process piping, 
utility chimneys (stacks) and ducting are
typical examples where loose linings
have been used. Futher information on
installing linings is contained in the
NACE (National Association of
Corrosion Engineers) Standard
Recommended Practice RP0292-92
(revised 1997), Item No. 53088
“Installation of Thin Metallic Wallpaper
Lining in Air Pollution Control and 
Other Process Equipment”.

Welded or Bolted Linings

If equipment to be lined is to be
subjected to internal pressures, the lining
must be installed to prevent collapse in
the event of accidental loss of pressure.
Although not used extensively, a
vanadium interlayer or silver braze
interlayer can be used to weld titanium
to carbon steel.

Another lining method for consideration
involves resistance welding titanium to a
substrate. This method has been used
extensively in attaching titanium to flue
gas desulfurization stacks and is more
economical than explosive bonding. 
The steel substrate acts as the strength
member for attaching the lining to a steel
substructure by welding. The titanium is
seal welded to provide an impervious
barrier to the corrosive atmosphere. 
This lining method allows for an air gap
between the titanium and substrate.

Titanium bolts have also been used to
attach titanium linings, particularly where
a cement only substrate exists (with no
metallic inner C-steel liner). Mechanical
fastening serves two purposes: to take
some of the stresses from welds, and to
anchor the lining in a vessel where
pressures are to be employed.

T u b e s h e e t
M a t e r i a l s / G a l v a n i c
C o n s i d e r a t i o n s

Selection of a tubesheet material for use
with titanium tubes in a heat exchanger
depends on several factors. Tubesheets
can be solid titanium, explosively clad
titanium on steel, loose lined titanium
on steel, or a dissimilar metal.

Solid tubesheets are used primarily 
in all-titanium tubed units. Design
follows conventional practice. Either
explosively clad tubesheets or loose
liners are used with steel or other
dissimilar metal shells. Loose liners
offer economic use of material and are
easy to maintain and fabricate.

When explosively clad or loose lined
tubesheets are used, the tubes must be
seal welded to prevent minor tubeside
leakage from reaching the steel,
causing undetectable corrosion. Seal
welding is usually not required if solid
tubesheets are used [for tubes .025 inch
wall (23 BWG) and heavier].

If titanium tubes are to be inserted into
dissimilar metal tubesheets, as is often
the case in retubing jobs, the possibility
of galvanic corrosion must be
considered. In actual practice, titanium
tubes have been used with a variety of
tubesheet materials as indicated in 
Table 9 for oil refinery service. 
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Tubesheets Being Used with Titanium Tubes
in Refinery Heat Exchanger Water Service

Table 9

Monel or Monel Clad C.S. 145-350 (63-177) Brackish, Salt Water
Naval Rolled Brass 110-235 (43-113) Brackish Water
Aluminum Bronze 100-150 (38-66) Brackish, Salt Water
Titanium Not Given Salt Water
T-304 Stainless Steel 225-240 (107-116) “Cooling Water”
T-316 Stainless Steel 110-240 (43-116) “Cooling” and Brackish Water
Inhibited Admiralty 190 (88) Salt Water
T-304 Stainless Steel 280 (138) Steam
T-309 Stainless Steel 377 (192) Steam
Carbon Steel 260 (127) Steam
Carbon Steel 220-275 (104-135) Steam (shellside)

Tubeside
Tubesheet Material Temperature °F (°C) Environment Given



Generally, titanium is more noble than
most of the commonly used tubesheet
materials. Galvanic corrosion might, 
therefore, be expected on the dissimilar
metal but not on titanium. For sea water
service, metals close to titanium in the
galvanic series are recommended if
titanium or titanium-clad tubesheets are
not used. Nickel Aluminum Bronze (CDA
Alloy 6300) or nickel/copper Alloy 400
have proven to be acceptable. Sufficient
strength to resist deformation of
ligaments during roller expansion of
titanium tubes should be present in the
material of choice.

If galvanic corrosion appears likely in a
given situation, some protective
measures can be taken. These include
insulation of the titanium from contact
with dissimilar metals, proper use of
cathodic protection or sacrificial anodes
(zinc or magnesium anodes should not
be used), and use of coatings. Epoxy
coatings have been used on some
tubesheets tubed with titanium in power
plants. However, little experience is
available from the chemical process
industries, presumably because of the
more severe conditions encountered.
Some favorable experience is reported
for polysulfide rubber and filled resin
coatings in preventing galvanic corrosion
on tubesheets in oil refinery
environments overseas.

Use of an all titanium tube bundle will
eliminate the possibility of premature
removal of a bundle from service due to
tubesheet galvanic corrosion failure. If
seal welding of tubes to tubesheets is
required, solid titanium or titanium-clad
tubesheets must be used.

Gasket Materials

A variety of gasket materials have been
used in titanium equipment. A key
consideration in selecting a gasket
material is the environment to which 
it will be exposed. Manufacturers of
gasket materials should be consulted for
recommended materials to withstand
the conditions of temperature and
corrosives being considered.

From the titanium viewpoint, prevention
of crevices is important. Materials which
give elastically, rather than creep, will
seal tightly, thereby minimizing crevices.
The rubbers – such as natural or butyl –
have given good results and are to be
preferred over non-yielding materials.
Teflon, with its tendency to creep,
requires heavy flanges to maintain 
tight joints.

Design for Welding Access 
and Distortion

When designing equipment to be
fabricated of titanium, consideration
must be given to providing proper
access during welding. Designs must
provide space for manipulation of the
torches and trailing shields, which are
necessary equipment for welding
titanium, particularly where nozzles or
attachments are close to large flanges.

Full access to the root side of welds is
also desirable for titanium equipment.
This stems from the necessity for inert
gas shielding and inspection of titanium
welds. If a weld joint cannot be reached,
both inspection and repair are made
more difficult.

Titanium tends to shrink and distort
more than steel during welding. The
low thermal conductivity of titanium
results in high metal temperatures and,
consequently, loss of strength. Titanium
tack welds, weld metal deposits and
abutting edges soften and move more
than would be expected for steel.
Measures need to be taken to maintain
joint alignment. In addition, designs
should employ balanced (two sided)
welds wherever possible. Tee joints with
full penetration groove and fillet on the
same side of the joint should be
avoided if possible.
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The fabrication of titanium product
forms into complex shapes is routine 
for many fabricators. These shops
recognized long ago that titanium is 
not an exotic material requiring exotic
fabrication techniques. They quickly
learned that titanium is handled much
like other high performance engineering
materials, provided titanium’s unique
properties are taken into consideration.

Important differences between titanium
and steel or nickel-base alloys need to
be recognized. These are:

n titanium’s lower density

n titanium’s lower modulus of elasticity

n titanium’s higher melting point

n titanium’s lower ductility

n titanium’s propensity to gall

n titanium’s sensitivity toward
contamination during welding

Compensation for these differences
allows titanium to be fabricated, using
techniques similar to those with stainless
steel or nickel-base alloys.

The following sections deal with
common operations used in fabricating
titanium. The information given is
intended to be used as guidelines. It 
is by no means exhaustive. Further
information is available from TIMET and
from experienced titanium fabricators.

W o r k  A r e a

The fabrication of titanium demands
attention to cleanliness. It is not
uncommon for shops which handle
several metals to isolate an area to be
used especially for titanium. Welding, 
in particular, requires freedom from
contaminants which might degrade the
properties of titanium. Thus, the area
set aside for titanium should be free of
air drafts, moisture, dust, grease and
other contaminants which might find
their way into the weld metal.

S h e a r i n g

The annealed industrial titanium 
alloys can be sheared using capacity
limitations applicable to 300 series
stainless steels. Sheared edges on plate
over 3/8-inch in thickness should be
inspected for cracks. Filing the sheared
edge in preparation for welding is good
practice to prevent entrapment of
contaminants which might degrade
weld properties.

F l a m e  C u t t i n g

Oxy-gas cutting processes (including
oxy-acetylene), useful for steel, can also
be used on titanium. Smaller cutting tips
and higher travel speeds can be
employed. The cut edge on titanium is
contaminated with oxygen and carbon
and must be removed by grinding or
machining. It is recommended that a
minimum of 1/16-inch of metal below
the lowest point of the cut roughness
be removed. Cutting allowances will
include about 1/8-inch for kerf, plus
1/16-inch for roughness, plus a
minimum of 1/16-inch for removal of
contamination. Thick plate will require
larger allowances.

The contaminated cut surface is
extremely hard. If machining is to 
be used to remove the contamination,
the tool point must penetrate beneath
the contaminated layer or tool life 
will be short.

Caution

Torch cutting of titanium produces large
volumes of white, titanium dioxide
smoke, which must be vented. In
addition, the cutting discharge is
extremely hot and brilliant. Measures
should be taken to prevent damage from
the discharge. Operators should wear
dark glasses and full face protection.

S a w i n g

Mechanical hacksawing of titanium 
is very common. Coarse saw blades,
heavy feed and generous amounts 
of water soluble oil coolant are
recommended. Titanium is also readily
friction cut. Such surfaces should be
filed to remove about 0.005 inches 
of contamination. Similarly, abrasive
cutting of titanium is satisfactory if
coolant is used and contaminated layer
is removed by filing.

H a n d  A b r a s i v e
G r i n d i n g

A clean wheel, used only on titanium 
is important. An open type wheel
containing large grains has been found 
to minimize clogging. Excessive buildup
of heat should be avoided to minimize
metal contamination. Ground surfaces
should be filed or mechanically finished
to remove abrasive particles and, in
particular, any visible metal oxide (burns).

Sandpaper or steel wool should be
avoided and wheel type mechanical
burrs (rotary files) should be operated
at low rpm to avoid burning and
maximize tool life.

When grinding is used on titanium,
measures must be taken to protect
adjacent titanium surfaces and
surroundings from the extremely hot
grinding sparks.
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M a c h i n i n g  T i t a n i u m

Machining techniques for titanium are
no more difficult than those for other
high performance metals; for instance
the austenitic stainless steels. Reasonable
production rates and excellent surface
finish are readily attainable on 
machined parts, provided some unique
characteristics of titanium are taken into
account. These characteristics are:

1. The unusual chip-forming tendency
and low thermal conductivity of
titanium tends to cause a build-up 
of heat on the edge and face of
cutting tools.

2. The reactivity of titanium with cutting
tools contributes to seizing, galling,
abrasion and pick up on cutting
edges and faces.

3. The low elastic modulus of titanium
permits greater deflections of
workpieces and, therefore, may
require proper backup.

Machining conditions can be selected
which minimize or circumvent the
adverse effects of these characteristics
of titanium, thereby allowing good tool
life at acceptable production rates.

Observation of the following six
guidelines will aid in successfully
machining titanium:

1. Use low cutting speeds. Tool tip
temperature is strongly affected 
by cutting speed. A low cutting 
speed helps to minimize tool edge
temperature and maximize tool life.
Lower speeds are required for
titanium alloys such as TIMETAL 6-4
(Gr. 5) than for unalloyed titanium.

2. Maintain high feed rates. Tool
temperature is affected less by feed
rate than by speed. Therefore, the
highest rate of feed consistent with
good practice should be used. The
depth of cut should be greater than
the work hardened layer resulting
from the previous cut.

3. Use a generous quantity of cutting
fluid. The coolant carries away heat
in addition to washing away chips
and reducing cutting forces, thereby
improving tool life.

4. Maintain sharp tools. Tool wear
results in build-up of metal on cutting
edges and causes poor surface 
finish, tearing and deflection of 
the workpiece.

5. Never stop feeding while tool and
work are in moving contact.
Permitting a tool to dwell in moving
contact with titanium causes work
hardening and promotes smearing,
galling and seizing, which may lead
to total tool breakdown.

6. Use rigid setups. Rigidity of machine
tool and workpiece ensures a
controlled depth of cut.

Tool Materials

Cutting tools for titanium require abrasion
resistance and adequate hot hardness.
Carbide tools (such as Grades C-2 and
C-3), where feasible, will optimize
production rates. The general-purpose
high speed tool steels (such as Grades
M1, M2, M7, and M10) are often
suitable for machining titanium. However,
best results are generally obtained with
more highly alloyed grades (such as T5,
T15, M33, or the M40 series).

Cutting Fluids

Correct use of coolants during
machining operations on titanium 
will greatly increase cutting tool life.
Chemically active cutting fluids transfer
heat efficiently and reduce cutting
forces between tool and workpiece. 
The result is prolonged tool life.

Large quantities of cutting fluid are
needed to keep the titanium workpiece
and the cutting tool cool during high
speed machining operations. Water base
fluids are more efficient than oils. A weak
solution of rust inhibitor and/or water
soluble oil (5 to 10 percent) is the most
practical fluid for high speed cutting
operations. Slow speed and complex
operations may require chlorinated or
sulfurized oils to minimize frictional forces
and reduce the galling and seizing
tendency of titanium. Best tool life in
intermediate speed operations may be
achieved by utilizing a good coolant
containing a chemically active additive.

If chlorinated cutting fluids are used on
alloys which may be subject to stress
corrosion cracking, carefully controlled
post-machining cleaning operations
must be followed.

Turning of Titanium

Turning is the simplest machining
operation for titanium and its alloys.
Through proper machine parameters and
use of coolant, surface finishes of 20 to
30 microinches RMS are obtainable with
±0.001 inch tolerances.
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Carbide tools provide highest production
rates for continuous turning operations.
Interrupted cuts, plunge cuts and
grooving are best performed by the
softer but tougher high-speed steels or
cast alloys. Tools must be resharpened or
replaced before final tool failure occurs.
An 0.015” wearland for carbide tools
and 0.030” wearland for high-speed
steel or cast alloy tools can be used as a
guide for halting turning operations.

Tool geometry, particularly rake angle, 
is important. Negative rake angle is
recommended for rough turning with
carbide tools. Positive rakes are best for
finish and semi-finish turning and when
high-speed steels or cast alloy tools are
used (Figure 6).

Large amounts of water-base soluble oils
(5 to 10 percent solution) or chemically
active (5 percent sodium nitrate in
water) coolants are recommended.
Sulfo-chlorinated oils may be used, if
necessary, at low cutting speeds.

A summary of recommended tool
geometries and machine parameters are
given in Table 10.
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F I G U R E  6
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I N  D I R E C T I O N  O F
W O R K

Turning of titanium is the least difficult of all machining 
operations. The tool face should be ground in the same direction 
as chip movement and the tool flank in the direction of 
work movement to extend tool life.

Recommended Tool Geometry and Machine Settings 
for Turning Titanium

Table 10

Tool Materials(a)

Type of Cut 1st Choice 2nd Choice 3rd Choice
Continuous C-1 or C-2 Cast Alloys T-5 H.S.S.

Carbide
Interrupted T-5 H.S.S. Cast Alloys C-1 or C-5

Carbide

Tool Geometry
Tool Material

Angle Carbide Cast Alloy H.S.S.
Back Rake,° +5 to –5 0 to +5 0 to +5
Side Rake,° 0 to –8(d) 0 to +5 0 to +5
SCEA,(b)° +5 to +25 +5 to +6 +5 to +6
ECEA,(c)° +6 to +10 +5 to +6 +5 to +6
End Relief,° +5 to +10 +5 to +7 +5 to +7
Side Relief,° +5 to +10 +5 to +7 +5 to +7
Nose Radius, in. 0.950-0.125(e) 0.02 to 0.03 0.02 to 0.03

(a)See producer for tool material compositions
(b)Side Cutting Edge Angle
(c)End Cutting Edge Angle
(d)Negative rake angles best, but require rigid equipment
(e)Reduce nose radius if excessive chatter occurs 

Operational Information
Titanium Grade

Commercially All Alloy Grades
Machine Setting Pure Annealed Heat-Treated

Carbide Tools
Speed, SFPM 80-100 50-70 25-45
Feed, IPR 0.005-0.008 0.005-0.008 0.0025-0.004
Depth of Cut, In. Get under scale (a)

Cast Alloy Tools
Speed, SFPM 40-50 25-35 15-25
Feed, IPR 0.003-0.006 0.003-0.006 0.003-0.006
Depth of Cut, In. Get under scale (a)

High Speed Steel Tools
Speed, SFPM 20-35 15-25 5-15
Feed, IPR 0.002-0.003 0.002-0.003 0.002-0.003
Depth of Cut, In. Get under scale (a)

(a)Tool should cut at least 0.020” deeper than tool radius. 

SCALE OR FORGING SKIN REMOVAL
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Recommended Tool Geometry and Machine Settings 
for Turning Titanium (Cont. )

Table 10 (cont. )

Tool Materials(a)

Type of Cut 1st Choice 2nd Choice 3rd Choice
Interrupted T-5 H.S.S. Cast Alloy C-1 or C-5

Carbide
Form T-5 H.S.S. Cast Alloy C-1 or C-5

Carbide
Plunge T-5 H.S.S. Cast Alloy C-1 or C-5

Carbide
Severe Plunge Cast Alloy T-5 H.S.S. C-1 or C-5

Carbide
Dead Center Cast Alloy T-5 H.S.S. C-1 or C-5

Carbide
Grooving Cast Alloy T-5 H.S.S. C-1 or C-5

Carbide
Continuous C-1 or C-2 Cast Alloy T-5 H.S.S.
Rough Turning Carbide

Tool Geometry
Tool Material

Angle Carbide Cast Alloy H.S.S.
Back Rake,° +5 to –5 0 to +5 0 to +5
Side Rake,° 0 to –8 0 to +5 0 to +15
SCEA,(b)° +5 to +25 +6 to +15 +6 to +15
ECEA,(c)° +6 to +10 +5 to +6 +5 to +6
End Relief,° +5 to +10 +5 to +7 +5 to +7
Side Relief,° +5 to +10 +5 to +7 +5 to +7
Nose Radius, in. 0.03-0.045 0.02 to 0.03 0.02 to 0.03

(a)See producer for tool material compositions
(b)Side Cutting Edge Angle (c)End Cutting Edge Angle

Tool Materials(a)

Type of Cut 1st Choice 2nd Choice 3rd Choice
Continuous C-2 Carbide T-5 H.S.S. Cast Alloy
Plunged Cuts, T-5 H.S.S. Cast Alloy C-2 Carbide
Grooving

Tool Geometry
Tool Material

Angle Carbide Cast Alloy H.S.S.
Back Rake,° +5 to –5 0 to +5 0 to +5
Side Rake,° +6 to –6 0 to +5 0 to +15
SCEA,(b)° +5 to +20 +6 to +15 +6 to +15
ECEA,(c)° +6 to +10 +5 to +6 +5 to +6
End Relief,° +5 to +10 +5 to +7 +5 to +7
Side Relief,° +5 to +10 +5 to +7 +5 to +7
Nose Radius, in. 0.03 to 0.045 0.02 to 0.03 0.02 to 0.03

(a)See producer for tool material compositions
(b)Side Cutting Edge Angle (c) End Cutting Edge Angle

SEMI-FINISH TURNING

Operational Information
Titanium Grade

Commercially All Alloy Grades
Machine Setting Pure Annealed Heat-Treated

Carbide Tools
Speed, SFPM 100-240 75-120 50-95
Feed, IPR 0.008-0.015 0.008-0.015 0.008-0.015
Depth of Cut, In. <––––––––––– Greater than 0.100 –––––––––––>

Cast Alloy Tools
Speed, SFPM 80-90 40-50 25-40
Feed, IPR 0.005-0.010 0.005-0.010 0.005-0.010
Depth of Cut, In. <––––––––––– Greater than 0.100 –––––––––––>

High Speed Steel Tools
Speed, SFPM 25-124(a) 25-60 10-50
Feed, IPR 0.004-0.050 0.004-0.015 0.004-0.015
Depth of Cut, In. <––––––––––– Greater than 0.100 –––––––––––>

(a)As feed rates increase, speed should decrease to maintain reasonable tool life

Operational Information
Titanium Grade

Commercially All Alloy Grades
Machine Setting Pure Annealed Heat-Treated

Carbide Tools
Speed, SFPM 220-320 100-160 75-155
Feed, IPR 0.006-0.015 0.006-0.015 0.006-0.015
Depth of Cut, In. 0.030-0.100 0.030-0.100 0.030-0.100

Cast Alloy Tools
Speed, SFPM 100-200 50-80 35-70
Feed, IPR 0.004-0.010 0.004-0.010 0.004-0.010
Depth of Cut, In. 0.030-0.100 0.030-0.100 0.030-0.100

High Speed Steel Tools
Speed, SFPM 60-160 30-60 15-50
Feed, IPR 0.003-0.008 0.003-0.008 0.003-0.008
Depth of Cut, In. 0.030-0.100 0.030-0.100 0.030-0.100

ROUGH TURNING AND INTERRUPTED CUTTING



Milling Titanium

Climb milling should be used where
possible to minimize tool chipping
(Figures 7 and 8). Slow speeds and
uniform, positive feeds help to minimize
tool temperature and wear. Tools should
not be allowed to dwell in the cut or
rub across the workpiece.

High speed steel cutters have proved 
to be satisfactory in milling titanium.
Carbide tools give highest production
rates but are more susceptible to
chipping. Regardless of the tool used, the
smallest diameter cutters with the largest
number of teeth will minimize deflection
and chatter. Increased relief angles,
compared to standard cutter angles,
increases tool life by reducing pressure,
deflection and tendency to load.

Water base coolants incorporating rust
inhibitors or water soluble oils are best
for most milling operations on titanium.
Low viscosity sulfo-chlorinated oil may
be used when cutting speeds are low.

Recommended tool materials, tool angles
and machine parameters for face and slab
milling of commercially pure and alloy
grade titanium are given in Table 11.
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Recommended Tool Geometry and Machine Settings 
for Turning Titanium 

Table 10 (cont. )

Tool Materials(a)

Type of Cut 1st Choice 2nd Choice 3rd Choice
Continuous C-3 or C-4 T-5 H.S.S. Cast Alloys
Turning Carbide
Grooving T-5 H.S.S. Cast Alloy C-1 or C-2

Carbide

Tool Geometry
Tool Material

Angle Carbide Cast Alloy H.S.S.
Back Rake,° 0 to +5 0 to +5 0 to +5
Side Rake,° 0 to +15 0 to +5 0 to +5
SCEA(b),° 0 to +20 +5 to +6 +5 to +6
ECEA(c),° +6 to +10 +5 to +6 +5 to +6
End Relief,° +5 to +10 +5 to +7 +5 to +7
Side Relief,° +5 to +10 +5 to +7 +5 to +7
Nose Radius, in. 0.030-0.045 0.020 to 0.030 0.020 to 0.030

(a)See producer for tool material compositions
(b)Side Cutting Edge Angle
(c)End Cutting Edge Angle

Operational Information
Titanium Grade

Commercially All Alloy Grades
Machine Setting Pure Annealed Heat-Treated

Carbide Tools
Speed, SFPM 200-350 100-300 75-275
Feed, IPR 0.003-0.012 0.003-0.012 0.003-0.012
Depth of Cut, In. 0.003-0.030 0.003-0.030 0.003-0.030

Cast Alloy Tools
Speed, SFPM 100-200 65-80 75-275
Feed, IPR 0.002-0.005 0.002-0.005 0.002-0.005
Depth of Cut, In. 0.003-0.030 0.003-0.030 0.003-0.030

High Speed Steel Tools
Speed, SFPM 76-160 45-60 30-50
Feed, IPR 0.002-0.005 0.002-0.005 0.002-0.005
Depth of Cut, In. 0.003-0.030 0.003-0.030 0.003-0.030

P AT H  O F
C U T

F I G U R E  7
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Drilling Titanium

Sharp drills of proper geometry are
important in drilling titanium. Heat
removal through use of large amounts of
coolant and, if practical, heat sinks will
help to maintain drill life. Dwell of the
drill, which often occurs on hand drilling,
should be avoided. Best results are
obtained with positive feed equipment.

Where practicable, carbide-tipped drills
provide optimum life, particularly for
deep holes. High-speed steel drills are
suitable for many operations. Chromium
plating or oxide coating may be useful 
in resisting galling of the drill margin.
Machine ground spiral point
configuration is preferable to
conventional chisel points (Figure 9).

Recommended parameters for drilling
titanium are given in Table 12. When
drilling holes over one diameter deep,
the drill should be retracted frequently
to clear the drill flutes and hole of chips.
Chlorinated or sulfo-chlorinated oils and
soluble-oil emulsions are satisfactory as
cutting fluids. Oil feeding drills may be
required for deep holes.

Tapping Titanium

Holes to be tapped must be uniform and
free of work hardening. Sharp, clean
taps of proper designs are essential.
Replacement of taps at the first sign of
wear is strongly recommended.

Spiral-point, interrupted flute taps with
alternate teeth omitted have given good
results on titanium when used at slow
speeds. Modification of the tap by
grinding away the trailing edge of
thread is beneficial (Figure 10). High-
speed steel taps are generally used.
Since 75 percent threads are difficult 
to obtain with normal cutting speeds,
65 percent threads are recommended
wherever possible to maximize tap life.
Surface treatments such as black oxide
coatings or nitriding can assist in
reducing galling tendencies, thereby
improving tap life.

Paste type cutting compounds 
(lithopone paste) have given good
results. Chlorinated or sulfo-chlorinated
oils have also been successfully employed
in tapping titanium and its alloys.
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Tapping speed for titanium should be
kept low to minimize heat buildup.
Parameters to be used as a guide in
tapping operations on titanium and its
alloys are given in Table 13.

Reaming Titanium

When done properly, reaming can
provide holes in titanium with a
tolerance of +0.002 to -0.000 inches.
Reamer margins tend to gall and seize 
in titanium, but proper tool design and
operating conditions effectively eliminate
this problem. Sufficient stock must be
available to provide continuous cutting
and prevent galling and work hardening.

High speed steel reamers are generally
satisfactory. Carbide reamers allow
higher surface speeds or longer tool life.
Spiral-flute reamers generally provide
longer life than straight-flute reamers.
Sulfo-chlorinated oils appear to be the
best cutting fluid. However, water-base
oil emulsions are also used successfully,
particularly with the softer unalloyed
titanium grades.

Recommended reaming parameters are
given in Table 14.

Grinding Titanium

Both abrasive wheel and belt grinding
are used on titanium. Metal removal by
grinding titanium is low, compared to
that of carbon steel. However, under
proper conditions, abrasive wear is
reasonably low and surface finish of 
15 microinches is possible.

Wheel Grinding

Selection of wheel, wheel speed and
fluid for grinding titanium is important.
For hard wheel grinding, vitrified-
bonded wheels are most effective.
Aluminum oxide wheels give good
results when limited to grinding speeds
of 2000 surface feet per minute or less.
Silicon carbide wheels can be used at
4000 to 6000 surface feet per minute if
higher speeds are desirable. A feed of
about 0.001 inch per pass is generally
suitable for all wheels. Abrasive grit size
of 60 to 80 and wheel hardness of J to
L is commonly used.

No appreciable sparking accompanies
aluminum oxide wheel grinding of
titanium. Thus, flooding of the
workpiece with standard grinding oils
can be used. Water soluble nitrite-amine
solutions (rust inhibitors) also work well
with aluminum oxide wheels. Silicon
carbide wheels, however, operate best
with sulfo-chlorinated grinding oils.
Complete flooding of the workpiece
minimizes possibility of fire. A 10
percent solution of nitride rust inhibitor
in water eliminates the risk of fire but is
less effective than oil with silicon carbide
wheels. Water soluble oils are also
useful but are less effective.

Some wheel specifications for various
grinding operations and parameters are
given in Table 15.

When it is necessary to grind by hand
or where coolants cannot be used, care
should be taken to provide protection
for any nearby personnel or equipment.
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Recommended Tool Materials ,  Angles and Machine Settings 
for Milling Titanium

Table 11

Tool Materials
Type of Cut 1st Choice 2nd Choice 3rd Choice
Low T-5 H.S.S. Cast Alloy C-1 or C-2
Production Carbide
Form Cutters T-5 H.S.S. Cast Alloy C-1 or C-2

Carbide
Face Milling C-1 or C-2 Cast Alloy1 H.S.S.

Carbide 
Slab Milling C-1 or C-2 Cast Alloy H.S.S.

Carbide 

1Carbide provides the highest cutting rates, but is susceptible to chipping.
Cast alloy tools are tougher and somewhat easier to maintain than carbide,
although cutting rates are 30% lower.

Tool Geometry
Tool Material

Angle Carbide Cast Alloy H.S.S.
Radial Rake,° 0 to –10 0 0
Axial Rake,° 0 to –10 0 0
FCEA,°1 6 6 0
PCEA,°2 60 30 30
Face Relief,°3 12 12 12
Peripheral Relief,°3 12 12 12
Chamfer,° 0 to 45 0 to 45 0 to 45
Nose Radius, in. 0.040-0.125 0.040 to 0.125 0.040 to 0.125

1Face Cutting Edge Angle or End Cutting Edge Angle
2Peripheral Cutting Edge Angle or Corner Angle
3Use smaller relief angles if excessive chipping occurs

Operational Information
Titanium Grade

Commercially All Alloy Grades
Machine Setting Pure Annealed Heat-Treated

Carbide Tools
Speed, SFPM 160-190 80-120 55-95
Feed, IPT1 0.004-0.008 0.004-0.008 0.004-0.008
Depth of Cut, In. 

Face Mill <—————––– Up to 0.050"2–––––––––––––>
Slab Mill <—————––– Up to 0.100"2–––––––––––––>

Cast Alloy Tools
Speed, SFPM 120-140 60-100 45-90
Feed, IPT 0.004-0.008 0.004-0.008 0.004-0.008
Depth of Cut, In. 

Face Mill <—————––– Up to 0.050"–––––––––––––>
Slab Mill <—————––– Up to 0.100"–––––––––––––>

High Speed Steel Tools
Speed, SFPM 80-110 40-70 25-60
Feed, IPT 0.003-0.006 0.003-0.006 0.003-0.006
Depth of Cut, In. 

Face Mill <—————––– Up to 0.050"–––––––––––––>
Slab Mill <—————––– Up to 0.100"–––––––––––––>

1Inches per tooth
2For scale or forging skin removal, depth of cut must be below skin by
0.020" greater than nose radius
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Recommended Tool Materials ,  Angles and Machine Settings 
for Drilling Titanium

Table 12

Tool Materials
Type of Operation Tool Material
General Drilling T-4 or T-5 H.S.S.
Deep Holes, Low Production T-5 H.S.S.
Deep Holes, High Production C-1 or C-2 Carbide
Sheet, Power Drilling T-4, T-5 or M-10, H.S.S.
Sheet, Hand Drilling M-10, T-4, or T-5 H.S.S.

Tool Geometry
Tool Material

Operation Tool Angle H.S.S. Carbide
General Point Angle,°
and Less than 1/4 dia. 140 Single Hip
Deep Hole 1/4 to 1/2 dia. 90 or Gun Drill

double angle
Drilling Helix Angle,° 28-35 —

Relief Angle,° 9-10 6-8
Cutting Angle,° 0 —
Body Clearance Yes —

Sheet, Point Angle,°
Power Less than 1/4 dia. 135
Drilling 1/4 to 1/2 dia. 118

Helix Angle,° 15 Not
Relief Angle,° 12-15 Recommended
Cutting Angle,° 0
Body Clearance Yes

Sheet, Point Angle,°
Hand Less than 1/4 dia. 150
Drilling 1/4 to 1/2 dia. 135

Helix Angle,° 15 Not
Relief Angle,° 12-15 Recommended
Cutting Angle,° 0
Body Clearance No

*Freehand drilling not recommended over 5/16 dia.

Operational Information
Titanium Grade

Commercially All Alloy Grades
Machine Setting Pure Annealed Heat-Treated

General and Deep Hole Drilling with High-Speed Steel
Speed, SFPM 40-60 20-50 5-40
Feed, IPR

Less than 1/8 dia. 0.0015 0.0015 0.0015
1/8 to 1/4 dia. 0.002-0.005 0.002-0.005 0.002-0.005
1/4 to 1/2 dia. 0.005-0.009 0.005-0.009 0.005-0.009

Drilling Deep Holes with Carbide Drills
Speed, SFPM 200 100-170 75-145
Feed, IPR 0.005 0.005 0.005

Sheet Drilling with High-Speed Steel
Speed, SFPM 15-40 20-30 10-25
Feed, IPR 0.002-0.005* 0.002-0.005* 0.002-0.005*

*Hand drilling titanium requires approximately twice the axial force for drilling
aluminum.

Recommended Tool Angles and Machine Settings
for Tapping Titanium

Table 13

Tool Materials: T-1 High Speed Steel
Tool Angles
Spiral Point Angle,° 10-17
Spiral Angle,° 110
Relief Angle,° 2-4
Cutting Rake,° 6-10
Heel Rake,° –3
Chamfer 5 threads
No. of Flutes

1/4-20 and less 2 flutes
Over 1/4-20 3 flutes

Operational Information
Titanium Grade

Commercially All Alloy Grades
Machine Setting Pure Annealed Heat-Treated

Speed, SFPM 40-50 10-20 5-20

Lubricants:
1Luthopone Paste (30% SAE 20 oil + 70% Lithopone)
2Sulfurized-chlorinated oil



Belt Grinding

Coated abrasive grinding of titanium
demands attention to selection of the
belt, the coolant and operating
parameters. Resin-bonded cloth belts
with silicon carbide abrasive generally
provide best performance. A 50 grit belt
is typically used for coarse grinding and a
120 grit or finer belt for finish grinding.
Surface finish of 5 to 10 microinches is
obtainable in commercial practice.

Fluids should always be used when
grinding titanium to protect the
workpiece and eliminate sparks which
might cause fires. Spray and flooding
techniques are both used. Water solutions
of 15 percent tri-potassium phosphate, or
5 percent potassium or sodium nitrite,
have been effective with titanium.

Belt grinding performance generally
improves with increase in load and
decrease in speed. Speeds of the order
1000 to 2000 surface feet per minute and
pressures in the vicinity of 100 psi provide
optimum productivity and belt life.

Abrasive Cutting

Rubber bonded, 60-grit silicon carbide
cutoff wheels flooded with a water
solution of 10 percent nitrite-amine
(rust inhibitor) have been successfully
used with titanium. Machines with
oscillating cutting heads give best
results. If workpiece diameter is
greater than three inches, rotation is
recommended to minimize wheel
breakage and/or heat checking.

Operating guidelines for abrasive cutting
of titanium are given in Table 16.

Hacksawing

Rigid setups and water soluble or
sulfo-chlorinated cutting fluids are
suggested for titanium. Low surface
speeds and positive feed, combined
with coarsepitched (3, 4 or 6 teeth 

per inch) high speed steel blades have
proved to be effective. Surface scale 
or contaminated surfaces can cause
accelerated blade wear if not removed.

Operating guidelines for hacksawing
titanium are given in Table 17.
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Recommended Tool Materials ,  Geometry and Machine Settings
for Rea ming Titanium

Table 14

Tool Materials
Type of Cutting Tool Material
Normal Operations T-1 or T-5 High Speed Steel
High Speed Production C-3 or C-4 Carbides

Tool Geometry
Tool Material

Tool Angle Carbide H.S.S.
Clearance Angle,° 10-15 10-15
Relief Angle,° 5-10 5-10
Margin or Land 0.010-0.015" 0.010-0.015"

Operational Information
Tool Material

Machine Setting Annealed Heat-Treated
Speed, SFPM 100-200 20-30
Feed, IPR 0.005-0.008 0.005-0.008
Depth of Cut, In. Up to 0.030*
Coolant Sulfurized-chlorinated oils

*With power feed equipment

F I G U R E  1 0

Ta p p i n g  o f  t i ta n i u m               

TA P P I N G  I S  T H E  M O S T  C R I T I C A L  T I TA N I U M  M A C H I N I N G  O P E R AT I O N .
I T  I S  E S S E N T I A L  T O  U S E  TA P S  W I T H  I N T E R R U P T E D  T H R E A D S  

A N D  A LT E R N AT E  T E E T H  R E M O V E D .  I N  A D D I T I O N ,  
T H E  G R E AT E S T  C H I P  C L E A R A N C E  I S  O B TA I N E D  B Y  G R I N D I N G  

A  L A R G E  C H A M F E R  I N  T H E  T R A I L I N G  E D G E  O F  T H E  TA P.



Bandsawing

Coarse-pitched (6 teeth per inch),
highspeed steel blades, 1-inch wide,
employed at speeds of 80 to 90 surface
feet per minute have given good results
with titanium. Cutting rates on the
order of one square inch per minute 
are optimum. Water soluble or 
sulfo-chlorinated cutting fluids are
required. Rigid setups are required for
precision work.

Water Jet and Abrasive Jet Cutting

Commercially pure and alloy titanium 
is readily cut using water jet and
abrasive jet cutting. Ultra high pressure
water or abrasive slurries focused in a
fine line are used to erode the titanium
in thicknesses up to 3 inches and higher.
The cut edges are free of contamination
and are typically smooth and burr free.
This cutting method is particularly
applicable when cutting precise intricate
shapes, or when cutting brittle materials
such as titanium aluminides.

Fire Prevention

Fine particles of titanium can ignite and
burn. Use of water-base coolants or
large volumes of oil-base coolants
generally eliminates dangers of ignition
during machining operations. However,
accumulation of titanium fines can pose
a fire hazard.

Chips, turnings and other titanium
fines should be collected regularly to
prevent undue accumulation, and
should always be removed from
machines at the end of day.

Salvageable material should be placed in
covered, labeled, clean, dry steel
containers and stored – preferably in an
outside yard area. Nonsalvageable fines
should be disposed of properly. Titanium
sludge should not be permitted to dry
out before being removed to an isolated
outside location.

Dry powders developed for extinguishing
combustible metal fires are recommended
for control of titanium fires. For maximum
safety, such extinguishers should be
readily available to each machinist
working with titanium.

Dry sand retards but does not
extinguish titanium fires. Carbon dioxide
and chlorinated hydrocarbons are not
recommended. Water should never be
applied directly to a titanium fire.
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Wheel Specific ations for Precision 
Grinding Operations

Table 15

Centerless 37C54-M5B
Cylindrical 37C80-KVK 32A60-K5VBE
Internal 39C60-K8VK 32A60-L8VBE
Surfacing (horizontal spindle) 39C80-K8VK 32A80-L5VBE
Surfacing (vertical spindle) 37C60-HVK (cylinder)

32A24-H12VBEP (segments)
Thread Grinding 37C220-T9BH

Conventional Speed Low Speed
Operation (4000-6000 SFM) (1500-2000 SFM)

Abrasive Cutting –  Operational Information

Table 16

Feed, sq.in./min. 2-4 5-6
Speed, sfpm 7000-12000 6000-7000
Cutting motion Oscillating wheel Oscillating wheel and 

work rotation

Bar Diameter
Machine Setting Up to 3.00" Over 3.00"

Coolant: 1. 10% water solution of rust inhibitor (Nitrate-amine types)
2. 10% water solution of soluble oil 

Hacksawing –  Operational Information

Table 17

Speed, strokes/min — 90-100 60-90 30-60
Feed, inches/stroke 4-6 0.012 0.009 0.009
Feed, inches/stroke 6-8 0.009 0.006 0.006
Feed, inches/stroke 8-10 0.006 0.003 0.003
Feed, inches/stroke 10 & over 0.003 0.003 0.003

All Alloy Grades
Work Commercially

Machine Setting Size Pure Annealed Heat-Treated



F o r m i n g  T i t a n i u m

Titanium is readily formed at room
temperature, using techniques and
equipment suitable for steel. When
correct parameters have been
established, tolerances similar to those
attainable with stainless steel are
possible with titanium and its alloys.

Recognition of several unique
characteristics of titanium will aid in
ease of forming:

1. The room temperature ductility of
titanium and its alloys, as measured
by uniform elongation, is generally
less than that of other common
structural metals. This means that
titanium may require more generous
bend radii and has lower stretch
formability. Hot forming may be
required for severe bending or stretch
forming operations.

2. The modulus of elasticity of titanium
is about half that of steel. This causes
significant springback after forming
titanium for which compensation
must be made.

3. The galling tendency of titanium is
greater than that of stainless steel. 
This necessitates close attention to
lubrication in any forming operation 
in which titanium is in contact
(particularly moving contact) with
metal dies or other forming equipment.

Preparation for Forming

Titanium surfaces normally are
acceptable for forming operations as
received from the mill. Gouges and
other surface marks, introduced during
handling, should be removed by pickling
or sanding. Burred and sharp edges
should also be filed smooth before
forming to prevent edge cracking.

Cold Forming

Slow speeds should be used when
forming titanium. The degree to which a
particular titanium grade or alloy can be
formed at room temperature is
dependent upon its uniform elongation
in a tensile test. The uniform elongation
dictates the minimum bend radius as well
as the maximum stretch which the alloy
can sustain without fracturing. In this
respect, annealed TIMETAL 35A (Gr. 1)

and TIMETAL 35A .15Pd (Gr. 11) and
TIMETAL 35A .05 Pd (Gr. 17) exhibit
maximum formability. These are 
followed by TIMETAL 50A (Gr. 2,) 
TIMETAL 50A .15Pd (Gr. 7), and 
TIMETAL 50A .05Pd (Gr. 16), 
TIMETAL 65A (Gr. 3), TIMETAL Code 12
(Gr. 12), TIMETAL 75A (Gr. 4) and
TIMETAL 6-4 (Gr. 5). Bend radii for these
alloys in sheet and plate product form, as
defined by ASTM specifications (B265),
are given in Table 18. The minimum bend
radius for any given grade of titanium will
typically be about one-half of the ASTM
specified bend radius for that grade.

Springback

A loss of 15 to 25 degrees in included
bend angle must be expected, due to 
springback of titanium after forming.
The higher the strength of the alloy, the 

greater the degree of springback to be
expected. Compensation for springback
is made by overforming. Hot sizing 
of cold formed titanium alloy parts 
has been successfully employed. This
technique virtually eliminates springback
when the hot sizing temperature is high
enough to allow stress relief. 

Hot Forming

The ductility (bendability and stretch
formability) of titanium increases with
temperature. Thus, forming operations
can be done at elevated temperatures
which would be impossible at room
temperature. The influence of elevated
temperature on bend radius of annealed
TIMETAL 6-4 (Gr. 5) sheet is shown 
in Table 19.
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Room Temperature Bend Radius for Annealed
Titanium Sheet and Plate

Table 18

35A 1 3T 4T
35A .05Pd 17 3T 4T
35A .15Pd 11 3T 4T
50A 2 4T 5T
50A .05Pd 16 4T 5T
50A .15Pd 7 4T 5T
65A 3 4T 5T
Code 12 12 4T 5T
75A 4 5T 6T
6-4 5 9T 10T

Bend Radius*
TIMETAL ASTM Grade 0.070" Thick 0.070" to 3/8" Thick

*Bend radius in terms of thickness, T, of sheet or plate at room temperature (ASTM B265)

Effect of Temperature on Minimum Bend Radius
of Annealed TIMETAL 6-4 (ASTM Gr. 5) Sheet

Table 19

70 (21) 9T
400 (204) 8T
600 (316) 8T
800 (427) 8T
1000 (538) 6T
1200 (649) 5T
1400 (760) 3T
1500 (816) 2T

Temperature °F (°C) Bend Radius*

*Ratio of bend radius at temperature for 105° bend, to thickness, T, of TIMETAL 6-4 sheet. 



The higher the temperature, the 
easier the forming. Unalloyed titanium,
TIMETAL 35A, 35A .15Pd, 35A .05Pd,
50A, 50A .15Pd, 50A .05Pd and
TIMETAL Code 12, are most readily hot
formed in the 400°-600°F (204°-316°C)
range with no fear of thermal damage.
Springback is virtually eliminated on
forming TIMETAL 6-4 at 1200°F 
(649°C) and mechanical properties are
not affected. Oxidation of surfaces
becomes a factor at temperatures
exceeding 1100°F (593°C), necessitating
a descaling operation. Heating for hot
forming can be accomplished by
furnace, radiant heater or direct flame
impingement (slightly oxidizing flame).
Local chilling of heated metal should be
avoided to prevent surface checking
during forming operations. Allowances
in tool design for thermal contraction 
of warm formed titanium parts 
may be necessary.

Drawing

Unalloyed titanium is capable of 
being drawn to depths greater than
those attainable with carbon steel. 
TIMETAL 35A (Gr. 1), TIMETAL 35A
.15Pd (Gr. 11) and 35A .05Pd (Gr. 17),
which are most ductile, offer best
drawability. Alloys, such as TIMETAL 6-4
(Gr. 5), which have lower ductility, are
difficult to draw at room temperature.

Several factors need to be considered
before drawing titanium:

1. Blanks should be deburred and edges
carefully smoothed.

2. Tool surfaces should be polished and
absolutely free of dirt.

3. Blanks should be clean and free of
dirt and scale.

4. Proper lubrication should be applied
to blanks.

5. The large springback of titanium may
require modified die design.

6. Slow drawing speeds produce best
results.

In practice, care must be taken in 
the drawing of titanium because of
titanium’s tendency to gall. Galling not
only mars the surface of the titanium
drawn part but may also cause failure of
the part during the drawing operation.
Precautionary steps, therefore, need to
be taken to prevent any contact of the
titanium with tools and dies by proper
lubrication.

Conventional drawing lubricants
generally are not acceptable for use with
TIMETAL titanium. The most effective
lubricants appear to be dry-film types 

incorporating anti-galling constituents.
Polyethylene or polypropylene in dry-film
or strippable form (0.003 inch thickness)
have proven to be effective. A
suspension of acrylic resin in
trichloroethylene containing
molybdenum disulfide and PTFE
(polytetrafluoroethylene) coatings have
also worked well and appear capable 
of surviving more than one draw. 
High-pressure grease-oil type lubricants
may also be acceptable at room
temperature for mild draws.

As with other forming operations, the
springback characteristic of titanium
needs to be recognized. Tools may 
have to be designed to compensate for
springback, particularly if drawing is to
be done at room temperature.

Deeper draws, lower loads and less
distortion in the finished part are
obtainable by drawing titanium hot.
Temperatures in the range 400°-600°F
(204°-316°C) are best for unalloyed
titanium. Titanium alloys, such as
TIMETAL 6-4 (Gr. 5) which have low
ductility and are difficult to draw at room
temperature, often can be drawn hot, in
the range of 900°-1200°F (482°-650°C).
Hot forming lubricants generally contain
graphite or molybdenum disulfide and
may be applied over zinc phosphate
conversion coatings.

Tube Bending

Titanium tubing is routinely bent on
conventional tube bending equipment.
Mandrel benders are recommended
particularly for tight bends. Wiper dies
and mandrels should be smooth and well
lubricated to minimize titanium’s
tendency to gall. Bending should be slow.

The minimum bend radii with mandrel
for cold bent TIMETAL 50A (Gr. 2)
tubing are given in Table 20. Bends
made without a mandrel require larger
radii. If smaller radius bends than given 
in Table 20 are required, it may be
necessary to bend the tubing at 400°-
600°F (204°-316°C). Consideration
should be given to using heavier wall
tubing for tight bends to compensate for
thinning which takes place at the tubes
outer periphery on bending.
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Minimum Bend Radii  –  Inches
Cold Mandrel Bent TIMETAL 50A Tubing

Table 20

1/2 1 1/2 1 1/4 1 —
5/8 1 7/8 1 1/2 1 1/4 —
3/4 2 1/4 2 1 1/2 1 1/4
7/8 2 5/8 2 1/4 1 3/4 1 1/2

1 1/4 3 1/2 3 2 1/2 2
1 1/4 5 1/2 4 1/2 3 1/2 2 1/2
1 1/2 7 6 5 4
2 1/4 11 10 9 8

Tube Minimum Bend Radius, Inches*
Diameter 22 ga. 20 ga. 18 ga. 16 ga.

Inches (.028”) (.035”) (.049”) (.065”)

*Guidelines for centerline bend radius made with mandrel at room temperature under conditions of 
good lubrication.



R o l l e r  E x p a n s i o n

The most commonly used method of
making tube/tube sheet joints is 
roller expansion.

Roller expansion procedures for titanium
tubes into tube sheets are similar to
those used for other materials. For 
best results, the tube sheet holes should
be within the limits specified by TEMA
(Tubular Exchanger Manufacturers
Association) for shell and tube heat
exchangers (Table 21) or within the
limits specified by HEI (Heat Exchange
Institute) Standards for Steam 
Surface Condensers.

There are three commonly used
methods of determining the correct
amount of expansion:

1. Measuring wall reduction

2. Simulating wall reduction by
interference

3. Pull-out strength versus torque curve

The above pull-out test is preferable.

The suggested wall reduction for
titanium tubes is 10%. Thus, in a .028"
tube or a .020" tube, the required
reduction is .0028" or .0020". A small
error in measurement can result in a
large deficiency in pull-out strength.

Using the interference fit method, four
measurements are required:

1. Tube I.D.

2. Tube wall thickness

3. Tube sheet hole diameter

4. Tube O.D.

In this method, the increase in the I.D.
of the tube is used to determine the
theoretical decrease in wall thickness.

For example, consider a 1" O.D. x
.020" wall tube:

1. Tube I.D. measurement .964"

2. Tube wall thickness .020"

3. Tube sheet hole diameter 1.010"

4. Tube O.D. measurement 1.004”

The necessary inside expanded diameter
for a 10% wall reduction is:

Tube I.D. .964"

Clearance between tube O.D. 
and hole .006"

10% wall reduction 
(.2x wall thickness) .004"

Expanded Tube I.D. .974"

This method is not preferred because 
it requires precise measurement and it
presumes a perfectly round tube. It 
also depends on the tube sheet hole 
not enlarging.

The use of torque vs. pull out strength
curve for determining the necessary
amount of roller expansion is on the
increase. This is done by using a sample
tube sheet of the same material and
thickness as the full-sized condenser and 
with drilled holes with the same spacing

and tolerance as the full-sized
condenser or heat exchanger.

Tube samples about 12" long are
sealed at one end either by crimping
and welding or by welding plugs in one
end of the tube. The tubes are then
roller expanded into holes at varying
torques. The usual range for this test 
is 7 to 12 ft. lbs.

When using a torque controlled air
motor to drive the expander, it is
important that it be calibrated correctly.
This can be done either in the field or in
the laboratory by using a portable prony
brake such as the Coleco Power Tube
Analyzer Model P-15 manufactured by
Dresser Laboratories. For thin wall
tubes, a five-roller expander with a thin
gauge collar, such as the Wilson 72D, 
is recommended. Pull-out strengths are
determined using a hydraulic tensile
tester. The tubes can be either pulled
from the plugged end or pushed from
the expanded end. If the push-out
method is used, a filler material such as
sand should be placed inside the tube
for the push rod to contact. It is
important that the level of the filler
material in the tube be below the roller
expanded area and that the push rod 
is kept vertical and not in contact with
the tube wall. If this is not done,
erroneously high pull-out values will
result. When the ratio O.D./t is greater
than 25, five roller expanders should be
used. For lower ratios, three roller
expanders are generally satisfactory.
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TubeSheet Hole Diameters and Tolerances for TEMA Class R Heat Exchangers
(All Dimensions in Inches)

Table 21

1 3/4 0.760 0.004 0.758 0.002 0.002 0.010
1 1.012 0.004 1.010 0.002 0.002 0.010
1 1/4 1.264 0.006 1.261 0.003 0.003 0.010
1 1/2 1.518 0.007 1.514 0.003 0.003 0.010
2 2.022 0.007 2.018 0.003 0.003 0.010

Nominal Tube Hole Diameter 
and Under Tolerance

Standard Fit Special Close Fit
(a) (b)

Nominal Under Nominal Under
Diameter Tolerance Diameter Tolerance (c) (d)

Nominal
Tube
O.D.

Over Tolerance 
[96% of tube holes must meet value 
in column (c). Remainder may not

exceed value in column (d).]



When doing the roller expansion, both
the tube ends and the tube sheet holes
should be wiped clean of debris and
soil. The presence of lubricating oil in
the tube holes or on the tube’s outside
surface can result in reduced pull-out
strength and leak tightness of the
finished roller expanded joint. It is
preferable that the tube ends be wiped
also with a solvent such as acetone or
methyl ethyl ketone. Do not use
chlorinated solvents or methanol.

The expander should also be inspected
for cleanliness and should be free of dirt
or other foreign matter. The rolls and 
mandrel should be free to move and
should be in good condition. Before
inserting the expander into a tube, the
shutoff torque should be confirmed by
using the prony brake, then the
expander should be properly lubricated
with a water soluble lubricant, such as
Wilson Expander Lube. A suitable air-
powered expander drive is Wilson Series 

3A Torque-Air-Matic, Catalog No.
40511, having a speed of 450 rpm and
a maximum torque of 18 foot pounds.

The suggested torque for different tube
sheet materials is shown in Figure 11.
The torque should be checked hourly
using the prony brake. Additional
lubricant should be used on the
expander as required. The rolls and
mandrel should be inspected periodically
for chipped rolls and/or mandrel
damage. Damaged pieces should be
replaced immediately.

Roller expanded joints are not
recommended for use with explosively
bonded tube sheets. The material used
as the cladding is usually relatively thin,
3/16"-1/4" max., and is almost always
softer and lower in strength than the
tube material. Such roller-expanded
joints have a history of leakage after
short periods of time. If the thickness of
the cladding is increased so that leak
integrity is not a problem, the economics
usually favor a solid titanium plate.

W e l d i n g  T i t a n i u m

Titanium and most titanium alloys are
readily weldable, using several welding
processes. Properly made welds in the
as-welded condition are ductile and, in
most environments, are as corrosion-
resistant as base metal. Improper welds,
on the other hand, might be embrittled
and less corrosion-resistant compared to
base metal.

The techniques and equipment used 
in welding titanium are similar to those
required for other high-performance
materials, such as stainless steels or
nickel-base alloys. Titanium, however,
demands greater attention to
cleanliness and to the use of auxiliary
inert gas shielding than these materials.
Molten titanium weld metal must be
totally protected from contamination
by air. Also, hot heat-affected zones
and root side of titanium welds must
be shielded until temperatures drop
below 800°F (427°C).

Titanium reacts readily with air, moisture,
grease, dirt, refractories, and most 
other metals to form brittle compounds.
Reaction of titanium with gases and
fluxes makes common welding processes
such as gas welding, shielded metal arc,
flux cored arc, and submerged arc
welding unsuitable. Likewise, welding
titanium to most dissimilar metals is not
feasible, because titanium forms brittle
compounds with most other metals;
however, titanium can be welded to
zirconium, tantalum and niobium.

In spite of the precautions which need
to be taken, many fabricators are
routinely and economically welding
titanium, making sound, ductile welds 
at comparable rates to many other high
performance materials. One of the
important benefits of welding the
commercially pure grades of titanium
(i.e., TIMETAL 35A and 50A) is that
they are over 99% pure titanium and
there is no concern for segregation. 
The same is true of weld wire or rod in
commercially pure grades.
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Welding Environment

Most titanium welding today is done 
in the open fabrication shop, although
chamber welding is still practiced on a
limited basis. Field welding is common.
Wherever the welding is done, a clean
environment is necessary in which to
weld titanium. A separate area,
specifically set aside for the welding of
titanium, aids in making quality welds.
This area should be kept clean and
should be isolated from dirt-producing
operations such as grinding, torch
cutting and painting. In addition, the
welding area should be free of air drafts
and humidity should be controlled.

Welding Processes

Titanium and its alloys are most often
welded with the gas tungsten-arc 
(GTA or TIG) and gas metal-arc (GMA
or MIG) welding processes. Resistance,
plasma arc, electron beam and friction
welding are also used on titanium to a
limited extent. All of these processes
offer advantages for specific situations.
However, the following discussion will
be concerned primarily with GTA and
GMA welding. Many of the principles
discussed are applicable to all processes.

Gas Tungsten-Arc (GTA) and 
Gas Metal-Arc (GMA) Welding

The GTA process can be used to make
butt joints without filler metal in
titanium base sheet of up to about 
1/8-inch thickness. Heavier sections
generally require the use of filler metal
and grooved joints. Either the GTA or
GMA welding process can be used,
although GMA welding is more
economical for sections heavier than
about one-half inch. If the GTA process
is used, care should be exercised to
prevent contact of the tungsten
electrode with the molten puddle,
thereby preventing tungsten pickup.

Power Supply

A conventional power supply, connected
d.c. straight polarity (DCSP), is used 
for GTA welding of titanium. Reverse
polarity (DCRP) is used for GMA
welding of titanium. A remote controlled
contactor allows the arc to be broken
without removal of the torch from the
cooling weld metal, thereby maintaining
inert gas shielding. Foot operated
current and contactor control, high
frequency arc starting and shielding gas
timers are other desirable features.

Welding Torch

A water-cooled welding torch, equipped
with a 3/4-inch ceramic cup and a gas
lens, is recommended for GTA welding
of titanium. A one-inch cup may be
required for GMA welding.

Thoriated tungsten electrodes (usually
2% thoria) are recommended for GTA
welding of titanium. Pointed electrodes
(end blunted) help to control arc
characteristics. The smallest diameter
electrode which can carry the required
current should be used.

Inert Gas Shielding

Protection needs to be provided to
titanium weldments on cooling down 
to about 800°F (427°C) as well as to the 
molten weld puddle in order to prevent
contamination by air. During GTA 
and GMA welding, argon or helium
shielding gases of welding grade with
dewpoint of -50°F (-46°C) or lower are
used to provide the necessary protection.
Separate gas supplies are needed for:

1. Primary shielding of the molten 
weld puddle.

2. Secondary shielding of cooling 
weld deposit and associated heat-
affected zones.

3. Backup shielding of the backside 
of weld and associated heat-
affected zones.

Primary Shielding

Primary shielding of the molten weld
puddle is provided by proper selection
of the welding torch.

Standard water-cooled welding torches
equipped with large (3/4 or 1-inch)
ceramic cups and gas lenses, are suitable
for titanium. The large cup is necessary
to provide adequate shielding for the
entire molten weld puddle. The gas lens
provides uniform, nonturbulent inert 
gas flow.

Argon is generally used in preference 
to helium for primary shielding at the
torch because of better arc stability
characteristics. Argon-helium mixtures
can be used if higher voltage, hotter arc
and greater penetration are desired.
Manufacturer’s recommended gas flow
rates to the torch should be used. Flow
rates in the vicinity of 20 cfh have
proven satisfactory in practice. Excess
flow to the torch may cause turbulence
and loss of shielding.

The effectiveness of primary shielding
should be evaluated prior to production
welding. An arc can be struck on a scrap
piece of titanium with the torch held 
still and with shielding gas only on the
torch. The shielding gas should be
continued after a molten puddle forms
and the arc is extinguished, until the
weld cools. Uncontaminated, i.e.,
properly shielded, welds will be bright
and silvery in appearance.

Secondary Shielding

Secondary shielding is most commonly
provided by trailing shields. The
function of the trailing shield is to
protect the solidified titanium weld
metal and associated heat-affected
zones until temperature reaches 
800°F (427°C) or lower.
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Trailing shields are generally
custom-made to fit a particular torch
and a particular welding operation. A
schematic of a trailing shield, useful for
flat sheet or plate welding of titanium, 
is shown in Figure 13. Design of the
trailing shield should be compact and
allow for uniform distribution of inert
gas within the device. The possible 
need for water-cooling should also be
considered, particularly for large shields.
Porous bronze diffusers have provided
even and nonturbulent flow of inert gas
from the shield to the weld.

Backup Shielding

The prime purpose of backup devices is
to provide inert gas shielding to the root
side of welds and their heat-affected
zones. Such devices often look much like
trailing shields and may be hand-held, or
clamped or taped into position. 

Water-cooled copper backup bars (or
massive metal bars) may also be used as
heat sinks to chill the welds. These bars
are grooved, with the groove located
directly below (or above) the weld joint.
About 10 cfh of inert gas flow per linear
foot of groove is required for adequate
shielding.

Makeshift shielding devices are often
employed very effectively with titanium
welds under shop or field conditions.
These include use of plastic to completely
enclose the workpiece and flood it with
inert gas. Likewise, aluminum or stainless
steel foil “tents,” taped over welds and
flooded with inert gas, are used as
backup shields. When such techniques
are used, it is important that all air,
which will contaminate welds, be
purged from the system. An inert gas
purge equal to ten times the volume of 

the air removed is a good rule-of-thumb
for irregular spaces. A moderate rate 
of inert gas should be maintained until
the weld is completed.

Argon is generally selected in preference
to helium for use in trailing shields and
backup devices, primarily because of cost
but also because it is more dense. Helium,
with its lower density, is sometimes used
for trailing or backup shielding when the
weld is above the device.

It is important that separate flow controls
are available for primary, secondary and
backup shielding devices. Timer-
controlled pre-purge and post-purge of
torch shielding, and solenoid valves with
manual switches interlocked with the
welding current for secondary and
backup shielding are also useful.
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Joint Design and Preparation

Weld joint designs for titanium are similar
to those for other metals (Table 22). The
joint design selected for titanium
however, must permit proper inert gas
shielding of both root and face during
welding as well as post-weld inspection
of both sides of the weld. The joint
surfaces must be smooth, clean and
completely free of contamination. All
burn marks produced by grinding or
mechanical filing should be removed by
filing. Likewise, burrs and sharp edges
should be removed with a sharp file. The
use of sandpaper or steel wool, which
leave particles behind, can be a source 
of contamination.

Good joint fit-up is important for
titanium. Uniform fit-up minimizes
burn-through and controls underbead
contour. Poor fit-up may increase the
possibility of contamination from air
trapped in the joint, particularly with
butt joints on light gauge material.

Maintenance of joint opening during
welding is important. Clamping to
prevent joint movement during welding
is recommended. If tack welds are 
used, the same care in cleaning and
inert gas shielding must be exercised, 
as with any and all titanium welds, to
prevent contamination. Any cracked 
or contaminated tack welds must be
removed before final welding.

Cleaning

Before welding titanium, it is important
that weld joints and weld wire be free of
mill scale, dirt, dust, grease, oil, moisture
and other potential contaminants.
Inclusion of these foreign substances in
titanium weld metal could degrade
properties and corrosion resistance.

Weld wire is clean as packaged by the
manufacturer. If wire appears to be dirty,
wiping with a non-chlorinated solvent,
prior to use, is good practice. In severe
cases, acid cleaning may be required.

All joint surfaces and surfaces of base
plate for a distance of at least an inch
back from the joint need to be cleaned.
Normal pickled mill surfaces generally
require only scrubbing with household
cleaners or detergents, followed by
thorough rinsing with hot water and air
drying. Alternatively, wiping of weld
joints and adjacent areas with non-
chlorinated solvents such as acetone,
toluene, or methyl ethyl ketone (MEK),
using clean lint-free cloths or cellulose
sponges, is acceptable, provided no
residue remains. The solvents are
particularly effective in removing traces
of grease and oil. Solvent cleaning
should be followed by wire brushing,
using a new stainless steel brush. Under
no circumstances should steel brushes or
steel wool be used on titanium because
of the dangers to corrosion resistance
which embedded iron particles pose.
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Titanium Welded Joint Design

Table 22

Square 0.010-0.062 Single Tungsten1 1/16 None 0 — —
Butt 0.031-0.125 Single or Double2 Tungsten 1/16 None 0 — —

0.031-0.125 Single Tungsten 1/16-1/8 1/22-1/16 0-0.10T3 — —
Single 0.062-0.125 Single Tungsten 1/16-3/32 1/16 0-0.10T 30°-60° 0.10-0.25T
Vee 0.125-0.250 First Tungsten 1/16-3/32 None 0-0.10T 30°-60° 0.10-0.25T

Second Tungsten 1/16-3/32 1/16-3/32 — — —
0.125-0.500 First Tungsten 3/32-1/8 None 0-0.10T 30°-90° 0.10-0.25T

Second Consumable 1/16 — — — —
0.125-0.500 Single-Multiple Consumable 1/16 — 0-0.10T 30°-90° 0.10-0.25T

Double 0.250-0.500 Double Tungsten 1/16-3/32 1/16 0-0.10T 30°-90° 0.10-0.25T
Vee 0.250-0.750 Double Consumable 1/16 — 0-0.10T 30°-90° 0.10-0.25T

0.750-1.500 Double-Multiple Consumable 1/16 — 0-0.10T 30°-90° 0.10-0.25T
Single 0.250-0.500 First Tungsten 1/16-3/32 1/16 0-0.10T 15°-30° 0.10-0.25T
U Second Tungsten 1/16-3/32 1/16 — — —

0.250-0.750 First Tungsten 1/16 None 0-0.10T 15°-30° 0.10-0.25T
Second Consumable 1/16 — — — —

0.250-1.000 Multiple Consumable 1/16 — 0-0.10T 15°-30° 0.10-0.25T
Double 0.750-1.500 Double-Multiple Tungsten 1/16-3/32 1/16 0-0.10T 15°-30° 0.10-0.25T
U 0.750-1.500 Double-First Tungsten 1/16 None 0-0.10T 15°-30° 0.10-0.25T

Double-Multiple Consumable 1/16 — — — —
0.750-2.000 Double-Multiple Consumable 1/16 — 0-0.10T 15°-30° 0.10-0.25T

Fillet 0.031-0.125 Single or Double Tungsten 1/16 None-1/16 0-0.10T 0°-45° 0-0.25T
0.125-0.500 Single or Double Tungsten 1/16-3/32 1/16 0-0.10T 30°-45° 0.10-0.25T
0.250-1.000 Single or Double Consumable 1/16 — 0-0.10T 30°-45° 0.10-0.25T

1Thoriated tungsten electrodes 2Double Pass: 1 pass each side 3T: thickness of base material

Electrode Filler Wire Root 
Thickness Electrode Inches Inches Opening Angle of Lead

Type Range Inches Weld Passes Type Diameter Diameter (R.O.) Bevel (A) (L)



Light oxide films, as might result from
heating in the range 600°-800°F (316-
427°) for forming operations, can be
removed by brushing with a new
stainless steel wire brush. Light grinding,
draw filing and acid pickling are also
effective. An acceptable pickle bath for
titanium is 35 vol.% nitric (70%
concentration), and 5 vol.% hydrofluoric
acid (48% concentration) used at room
temperature. Dipping of weld joint areas
for 1 to 15 minutes (depending on the
activity of the bath) should be sufficient.
A cold water rinse to remove acid,
followed by a hot water rinse to
facilitate drying, completes the cleaning.

Heavy scale and oxygen-contaminated
surfaces, such as might be present after 
a high temperature heat treatment, are
best removed by mechanical means.
Grinding, and sand or grit blasting are
commonly used. Molten caustic baths,
although useful, require care to minimize
the possibility of hydrogen pickup. After
scale removal, an acid pickle should be
used to remove all residue and improve
surface appearance.

Once cleaned, joints should be carefully
preserved. Handling should be
minimized and welding should
commence as soon after cleaning as is
possible. When not being worked on,
weld joints should be kept covered with
paper or plastic to avoid accumulation
of contaminants.

Filler Metal Selection

Titanium welding wire is covered by
AWS A5.16-70 Specification (“Titanium
and Titanium-Alloy Bare Welding 
Rods and Electrodes”). Selected wire
compositions are given in Table 23.

It is generally good practice to select a
filler metal matching the properties and
composition of the titanium base metal
grade. However, for both commercially
pure grades and alloys, selecting a weld
wire one strength level below the base
metal is also done (i.e., use TIMETAL 35A
wire to weld TIMETAL 50A). Special
situations may require a different grade
of filler wire to give desired combination
of joint properties. For instance, several
options are available for use with
TIMETAL 6-4. The low interstitial grade 
is useful where high weld ductility, such
as is required in cryogenic applications, 
is needed.

Welding Parameters

Guideline parameters for machine
welding titanium are given in Table 24.
These guidelines were developed on
automatic equipment with backup bar,
trailing shield and hold-down shoes.
Parameters for manual welding are similar
under similar welding conditions. If slower
welding speeds are desirable, amperage
must be reduced proportionately.
Generally speaking, the lowest heat input
consistent with good weld properties is
desirable in welding titanium. It is good
practice to weld test samples to optimize
parameters for a particular welding
application before committing material
and manpower to the job.

Welding Technique

In addition to clean joints and weld
wire, proper parameters, and proper
inert gas shielding, welder technique
requires attention when titanium is
being welded. Improper technique can
be a source of weld contamination.

Before starting an arc in welding
titanium, it is good practice to prepurge
torch, trailing shield and backup shield to
be sure all air is removed. Whenever
possible, high frequency arc starting
should be used. Scratch starting with
tungsten electrodes is a source of
tungsten inclusions in titanium welds. On
extinguishing the arc, the use of current
downslope and a contactor, controlled by
a single foot pedal, is encouraged. Torch
shielding should be continued until the
weld metal cools below 800°F (427°C).
Secondary and backup shielding should
also be continued. A straw or blue color
on the weld is indicative of premature
removal of shielding gas.

Preheating is not generally needed for
titanium shop welds. However, if the
presence of moisture is suspected, due
to low temperature, high humidity, or
wet work area, preheating may be
necessary. Gas torch heating (slightly
oxidizing flame) of weld surfaces to
about 150°F (66°) is generally sufficient
to remove moisture.

The arc length for welding titanium
without filler metal should be about
equal to the electrode diameter. If filler
metal is added, maximum arc length
should be about 1-1/2 times the
electrode diameter. Filler wire should be
fed into the weld zone at the junction of
the weld joint and arc cone. Wire should
be fed smoothly and continuously into
the puddle. An intermittent dipping
technique causes turbulence and may
result in contamination of the hot end
of the wire on removal from the shield.
The contaminants are then transferred
to the weld puddle on the next dip.
Whenever the weld wire is removed
from the inert gas shielding, the end
should be clipped back about 1/2-inch
to remove contaminated metal.
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Interpass temperatures should be kept
low enough, such that additional
shielding is not required. Cleaning
between passes is not necessary if the
weld bead remains bright and silvery.
Straw or light blue weld discoloration can
be removed by wire brushing with a clean
stainless steel wire brush. Contaminated
weld beads, as evidenced by a dark blue,
gray or white powdery color, must be 

completely removed by grinding. The
joint must then be carefully prepared and
cleaned before welding again.

Evaluating Weld Quality

Prior to making production welds on
titanium, procedures and techniques
should be closely evaluated. For pressure
vessel construction, the ASME Boiler and
Pressure Vessel Code, Section IX
(Welding Qualification), details
procedure and performance tests which 

must be met. Tensile and bend tests on
trial welds made under conditions
intended for production are the
acceptance criteria. Impact or notch
tensile tests may also be required,
particularly for low temperature
applications. Once good procedures are
established, as evidenced by tensile and
bend tests, they should be strictly followed
in subsequent production welding.
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Titanium Welding Electrode Compositions (AWS A5 .16-70)

Table 23

ERTi-1** 35A (1) 0.03 0.10 0.005 0.012 — — 0.10 — Remainder
ERTi-2 35A (1) 0.05 0.10 0.008 0.020 — — 0.20 — Remainder
ERTi-3 50A (2) 0.05 0.10-0.15 0.008 0.020 — — 0.20 — Remainder
ERTi-4 50A (2) 0.05 0.15-0.25 0.008 0.020 — — 0.30 — Remainder

65A (3)
75A (4)

ERTi-0.2Pd 50A .15Pd (7) 0.05 0.15 0.008 0.020 — — 0.20 Pd 0.12-0.25 Remainder
50A .05Pd (16)
35A .05Pd (17)
35A .15Pd (11)

ERTi-3Al-2.5V 3-2.5 (9) 0.05 0.12 0.008 0.020 2.5-3.5 2.0-3.0 0.25 — Remainder
ERTi-3Al-2.5V-ELI** 3-2.5 (9) 0.04 0.10 0.005 0.012 2.5-3.5 2.0-3.0 0.15 — Remainder
ERTi-6Al-4V 6-4 (5) 0.05 0.15 0.008 0.020 5.5-6.75 3.5-4.5 0.25 — Remainder
ERTi-6Al-4V-ELI** 6-4 (5) 0.04 0.10 0.005 0.012 5.5-6.75 3.5-4.5 0.15 — Remainder
ERTi-12 Code 12 (12) 0.03 0.25 0.008 0.020 — — 0.30 Mo 0.2-0.4 Remainder

Ni 0.6-0.9 

**Analysis for interstitial content shall be made after the welding rod or electrode has been reduced to its final diameter. Single values are maximum percentages.
**This classification of filler metal restricts allowable interstitial content to a low level in order that the high toughness required for cryogenic applications and other

special uses can be obtained in the deposited weld metal.

Base Metal
AWS Wire (ASTM) Composition, Wt. Percent*
Classification TIMETAL Grade C O H N Al V Fe Other Ti

Suggested Weld Para meters for Machine Welding Titanium

Table 24

Gauge, in. 0.030 0.060 0.090 0.060 0.090 0.125 0.125 0.250 0.500 0.625
Electrode Diameter, in. 1⁄16

1⁄16
1⁄16-3⁄32

1⁄16
1⁄16-3⁄32

3⁄32-1⁄8 1⁄16
1⁄16

1⁄16
1⁄16

Filler Wire Diameter, in. — — — 1⁄16
1⁄16

1⁄16 — — — —
Wire Feed Rate, ipm — — — 22 22 20 200-225 300-320 375-400 400-425
Voltage 10 10 12 10 12 12 20 30 40 45
Amperes 25-30 90-100 190-200 120-130 200-210 220-230 250-260 300-320 340-360 350-370
Nozzle ID, in. 3⁄4 3⁄4 3⁄4 3⁄4 3⁄4 3⁄4 3⁄4-1 3⁄4-1 3⁄4-1 3⁄4-1
Primary Shield, cfh 15A 15A 20A 15A 20A 20A 50A+15H 50A+15H 50A+15H 50A+15H
Trailing Shield, cfh 20A 30A 50A 40A 50A 50A 50A 50A 60A 60A
Back-up Shield, cfh 4H 4H 5H 5H 6H 6H 30H 50H 60H 60H
Back-up Material <––––––Cu or Steel––––––> <––––––Cu or Steel––––––> Cu Cu Cu Cu

Back-up Groove, in. 1⁄4 x 1⁄16
1⁄4 x 1⁄16

3⁄8 x 1⁄16 1⁄4 x 1⁄16

3⁄8 x 1⁄16
3⁄8 x 1⁄16

3⁄8 x 1⁄16
1⁄2 x 1⁄8 5⁄8 x 1⁄2 5⁄8 x 1⁄2

3⁄16 x 1⁄16
3⁄16 x 1⁄16

3⁄16 x 1⁄16
3⁄16 x 1⁄16

1⁄4 x 1⁄16
1⁄4 x 1⁄16

1⁄4 x 1⁄16

Electrode Travel, ipm 10 10 10 12 12 10 15 15 15 15
Power Supply DCSP DCSP DCSP DCSP DCSP DCSP DCRP DCRP DCRP DCRP

GTA Without Filler GTA With Filler GMA



Bend tests evaluate ductility. For this
reason, the bend test made on pre-
production trial welds or on extensions
of production welds made for that
purpose, provides a good evaluation of
weld quality. A bend sample in which
the weld is positioned perpendicular to
the bend axis assures uniform straining
of weld metal and heat-affected zones,
thereby giving more meaningful results.
Table 25 lists weld bend radii for various
titanium alloys. Good quality welds
should be capable of being bent to the
indicated radii without cracking.

Problems with titanium welds are
generally a result of contamination due
to inadequate shielding. The color of
welds can be used as an indicator of
shielding effectiveness and, indirectly,
weld quality. Thus, any indication of the
quality level of a single pass titanium
weld is readily apparent to the welder
and any inspector. Weld colors reflect
the degree to which the weld was
exposed to oxygen (air) at elevated
temperature. A bright silvery metallic
luster generally can be taken as an
indication of a good weld, provided 
the weld joint was clean and good
techniques were followed. The presence
of other colors, as indicated in the
following list, represents various degrees
of surface and weld contamination and
require attention.

Probable Cause 
Weld Color and Treatment

Light Straw Surface oxide. Remove by wire 
Dark Straw brushing with new stainless steel 
Light Blue wire brush.

Dark Blue Metal contamination. Welds 
Gray Blue should be removed and done 
Gray over after corrections in shielding 

are made.

White Metal contamination. Welds 
(loose deposit) should be removed and done 

over after corrections in shielding 
are made.

Hardness measurements on weld vs.
base metal are also sometimes used as
an indicator of weld quality. Normally,
uncontaminated weld hardness is no
more than 30 points greater on the
Knoop, Vickers or Brinell hardness 
scales (5 points Rockwell B) than the
hardness of base metal of matching
composition. It should be recognized
that heat-to-heat variation in chemistry,
within specifications, can result in
hardness differentials somewhat higher
than 30 Knoop or Brinell without 
any contamination. In any event, high
weld hardness should be cause for
concern because of the possibility 
of contamination.

The ASME Code suggests that, if
titanium weld metal hardness is more
than 40 BHN greater than base metal
hardness, excessive contamination is
possible. Substantially greater hardness
differential necessitates removal of the 
affected weld-metal area. The Code
further specifies that all titanium welds
be examined by liquid penetrant. In
addition, full radiography of many
titanium joints is required by the Code.

Resistance Welding

Resistance spot welding, seam welding
and butt welding are performed on
titanium in much the same manner as
for other metals. As with arc welding,
careful attention to cleanliness of metal
surfaces and to protection of weld 
metal and heat affected zones from
contamination by air are important.

Preparation of titanium for resistance
spot or seam welding is similar to that
for other metals. The surface must be
clean, free of scale, oxide, dirt, paint,
grease, and oil. Cleaning of mill surfaces
with commercial, nonchlorinated solvents
which leave no residue is satisfactory.
Light oxide scale, such as is present after
elevated temperature forming has been
performed, should be removed by acid
pickling or by wire brushing with a clean
stainless steel wire brush.

Inert gas shielding of resistance spot 
and seam welds is often not required.
The close proximity of mating surfaces
in combination with the very short
duration of the resistance weld cycle
and squeeze pressure all help to exclude
air from the weld. If a deep blue, gray
or whitish color develops on the surface
of titanium after resistance spot or seam
welding, consideration must be given to
altering weld parameters or providing
inert gas shielding.
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Bend Radii  for Titanium Welds

Table 25

35A 1 2T
50A 2 3T
65A 3 4T
75A 4 4T
6-4 5 10T
50A .15Pd 7 3T
50A .05Pd 16 3T
35A .15Pd 11 2T
35A .05Pd 17 2T
Code 12 12 5T

Alloy Weld
TIMETAL ASTM Grade Bend Radius*

*Bend radius in terms of sheet or plate thickness, T.



Equipment and parameters for
resistance spot or seam welding
titanium are the same as are required
for austenitic stainless steel. Typical
parameters which proved successful in
spot welding TIMETAL 6-4 sheet are
given in Table 26.

As with any welding procedure to be
used on titanium, test resistance spot
and seam welds should be made on
titanium, prior to production welds.
Tension-shear tests will help to
determine quality of the welds made.
Once parameters and procedures are
verified as producing quality welds
consistently, these should be adhered to
strictly during production runs.

Resistance butt welding and a variation-
stud welding are interesting techniques
which are sometimes used on titanium.
Clean, oxide-free abutting surfaces are 
a must. Flow of current through the
workpiece causes arcing and resistance
heating, bringing temperature close 
to the melting point. At the proper
temperature, the workpieces are forced 
together, pushing molten and plastic
metal out of the joint. Successful welds
have been made in air. However, inert
gas shielding may be required for
contamination-free welds.

The resistance butt weld technique has
been used to successfully join titanium
to dissimilar metals such as copper
alloys, steels and stainless steels as well
as other titanium alloys. Test welds
should be made and carefully analyzed
to establish proper parameters to be
followed on production welds.

Brazing Titanium

Several brazing techniques are
applicable to titanium. These include
induction brazing, resistance brazing
and furnace brazing in an argon
atmosphere or in vacuum. Torch
brazing is not applicable to titanium.

Since brazing techniques have the
potential for contaminating titanium
surfaces, cleanliness is important and
consideration should be given to argon
or helium gas shielding.

Alloys for brazing titanium to itself or
other metals are titanium-base (70Ti-
15Cu-15Ni), silver-base (various), or
aluminum-base (various). The titanium-
base alloy requires temperatures in the
vicinity of 1700°F (927°C), whereas the
silver and aluminum-base alloys require 

1650°F (899°C) and 1100°-1250°F 
(593°-677°C) respectively. If corrosion
resistance is important, tests should be
run on brazed joints in the intended
environment prior to use. TIMET’s
research lab is available for consultation
on titanium’s corrosion resistance in
your environment. The titanium-base
alloy reportedly offers superior
resistance to atmospheric corrosion and
saline environments.

Heat Treating Titanium

Heat treatment of titanium fabrications
is not normally necessary. Annealing
may be necessary following severe 
cold work if restoration of ductility or
improved machinability are desired. 
A stress relief treatment is sometimes
employed following severe forming or
welding to avoid cracking or distortion
due to high residual stresses, or to
improve fatigue resistance.
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Para meters for Spot Welding TIMETAL 6-4

Table 26

Sheet Thickness (inches) 0.035 0.062 0.070 0.093
Joint Overlap (inches) 1/2 5/8 5/8 3/4
Squeeze Time (m sec.) 60 60 60 60
Weld Time, Cycles 7 10 12 16
Hold Time (m sec.) 60 60 60 60
Electrode Type (3” spherical radius, 

5/8” dia., Class 2 Copper)
Electrode Force (Pounds) 600 1500 1700 2400
Weld Current (Amps) 5500 10600 11500 12500
Cross-Tension Strength (Lbs.) 600 1000 1850 2100
Tension-Shear Strength (Lbs.) 1720 5000 6350 8400
Ratio C-T/T-S 0.35 0.20 0.29 0.25
Weld Diameter (Inches) 0.255 0.359 0.391 0.431
Nugget Diameter (Inches) — 0.331 — —
Weld Penetration (%) — 87.3 — —
Electrode Indentation (%) — 3.1 — —
Sheet Separation (Inches) 0.0047 0.0087 0.0079 0.0091



Cleanliness of titanium parts to be heat
treated is important because of the
sensitivity of titanium to contamination
at elevated temperatures. Titanium
fabrications should be cleaned carefully
prior to heating, using nonchlorinated
solvents or a detergent wash, followed
by a thorough water rinse. Handling
following cleaning should be minimized
to avoid potential surface contamination.

As indicated in Table 27, unalloyed
titanium, TIMETAL 50A, 35A, 
50A .15Pd, 35A .15Pd, etc. and
TIMETAL Code 12 grades, are typically
stress-relieved at about 1000°F (538°C)
for 45 minutes and annealed at 1300°F
(704°C) for two hours. A slightly higher
stress relief temperature [1100°F
(593°C), 2 hrs.] and annealing
temperature [1450°F (788°C), 4 hrs.]
are appropriate for the TIMETAL 6-4
alloy. Air cooling is generally acceptable.

Although no special furnace equipment
or protective atmosphere is required for
titanium, a slightly oxidizing atmosphere
is recommended to prevent pickup of
hydrogen. Direct flame impingement 

for extended periods, leading to
temperatures in excess of 1200°F
(649°C), should be avoided because of
the potential for contamination and
embrittlement. Hydrogen or cracked
ammonia atmospheres, also, should
never be used, because their use would
lead to excessive hydrogen pick-up, 
and embrittlement.

If a scale removal treatment, following 
a high temperature (1200°F; 649°C)
anneal is not feasible, a vacuum or inert
gas (dry argon or helium) atmosphere 
is recommended.

Superficial surface discoloration, caused
by annealing below 1200°F (649°C),
may be removed by acid pickling in a
35% nitric acid – 5% hydrofluoric acid
bath at 125°F (52°C). However, if long
heating times or temperatures above
1200°F (649°C) have been used, a
molten caustic bath or mechanical
descaling treatment, followed by nitric-
hydrofluoric acid pickling, is necessary 
to remove scale.

Numerous surface treatments are
applied to titanium for a variety of
reasons. The prevention of galling and
the improvement of corrosion, being
perhaps, the most important reasons.

P r e v e n t i o n  o f  G a l l i n g

Galling not only causes excessive wear
on titanium but may also result in
accelerated corrosion through fretting
action. Simple lubrication, using graphite
or molybdenum disulfide, is often
sufficient to overcome galling. It is,
therefore, possible to use titanium for
moving parts or for parts in sliding
contact with itself or other metals with
light to moderate loads. Heavier loads,
on the other hand, require hardened
titanium surfaces. Commercially
available case hardening techniques,
such as plasma spraying, ion
implantation, anodizing or nitriding, 
or coating techniques such as hard
chromium electroplating or flame
spraying of tungsten carbide and other
hard, wear-resistant materials, are used.
Such surface treatments possess the
required qualities of good adherence
plus wear and scuff resistance. However,
careful consideration has to be given to
the compatibility of the treated surface
with the corrosive environment to which
it will be exposed.
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S U R F A C E
T R E A T M E N T S

Annealing and Stress Relieving Treatments for Titanium Alloys

Table 27

35A 1 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
50A 2 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
65A 3 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
75A 4 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
50A .15Pd 7 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
50A .05Pd 16 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
35A .15Pd 11 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
35A .05Pd 17 900°-1100°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
Code 12 12 900°-1200°F, 1/2-4 hrs., A.C. 1200°-1400°F, 1/2-4 hrs., A.C.
6-4 5 900°-1200°F, 1-4 hrs., A.C. 1350°-1550°F, 1-8 hrs., A.C. or F.C.

Typical Heat Treatment 
TIMETAL ASTM Grade Stress Relief Anneal

900°-1100°F = 480°-595°C 1200°-1400°F = 650°-760°C
900°-1200°F = 480°-650°C 1350°-1550°F = 730°-845°C



C l e a n i n g  T i t a n i u m
E q u i p m e n t

The efficiency of titanium surfaces can
usually be maintained without elaborate
cleaning procedures. There is generally
no need to clean for corrosion protection
as is sometimes required with stainless
steel, nor does the thin oxide surface
film in any way combine with cooling
water to form heavy mineral deposits as
sometimes occurs on copper-base alloys.

Marine fouling of heat exchanger
surfaces is sometimes controlled by
chlorine injection. Titanium surfaces are
totally unaffected by such treatments.
Titanium surface condenser tubing is
also kept clean in this way as well as by
continuous cleaning systems utilizing
rubber balls or nylon brushes, without
deleterious effects.

Acid cleaning of titanium surfaces 
to remove deposits is sometimes
necessary. Conventional acid cleaning
cycles can be used provided proper
inhibitors are present. Organic inhibitors
such as filming amines are not effective
with titanium.

Ferric ion as ferric chloride is very
effective as an inhibitor for titanium in
acid solutions. As little as 0.1 percent
(by weight) ferric chloride will inhibit
corrosion of titanium by hydrochloric
acid, for instance. At ambient
temperatures, as much as 25 percent
(by weight) HCl inhibited with FeCl3
can be safely used on titanium.

Nitric acid is an excellent passivating
agent for titanium and may be used
alone or with hydrochloric acid to
clean titanium surfaces. See Table 28
for a more complete listing of
recommended cleaning media, and
proper inhibitor additions.

The use of carbon steel wire brushes to
remove deposits from titanium is not
recommended. Likewise, carbon steel
pipe or tube should not be used to clean
out plugged titanium tubes. Pickup of
imbedded or smeared iron particles from
steel can render titanium susceptible to
corrosion when the unit is placed back in
service. Stainless steel or titanium wire
brushes and pipe are preferred.

Careful utilization of titanium’s unique
properties will provide many years of
maintenance-free service for fabricated
equipment. Misapplication of titanium,
the use of improper cleaning procedures
and other abuses can lead to failure. 
On the other hand, careful use of some
preventive measures, particularly those
concerned with corrosion and galling
resistance, can significantly extend the
useful life of titanium equipment.
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Typic al Chemic al Cleaning Solutions for
Titanium Equipment

Table 28

Hydrochloric Acid Up to 150°F (66°C) Up to 10 1,000 ppm FeCl3
Sulfuric Acid — — or 1,000 ppm CuCl2
Phosphoric Acid — — or 500-1,000 ppm CrO3

Citric Acid Up to 200°F (93°C) Up to 25 Naturally Aerated
Nitric Acid Up to 200°F (93°C) Up to 65 None
Sodium Hydroxide Up to 200°F (93°C) Up to 15 1% Sodium Chlorate 

or Hypochlorite

Cleaning Temperature Concentration Inhibitor
Media Range Range (wt.%) Additions

M A I N T E N A N C E
O F  T I T A N I U M
E Q U I P M E N T
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