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The Defc1se Metals Information Center was established at
Battelle Memo=-ial Institute at the request of the Cffice ot the
Director of D~fense Ressarch and Engineering to provide Govern-
ment contractors and their suppliers technical aseistance and
information ontitanium, beryllium, magnesium, aluminum, refrac«
tory metals, high-strength alloys for high-temperature service,
corrosion- and oxidation-resistant coatings, and thermal-protec.
tion systems. Its functions, under the direction of the Office of
the Director of Defense Research and Engineering, are :s follows:
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1. To collect, store, and disseminate technical in-
formation on the current status of research and
development of the above materials,

2. To supplement e:‘blished Service activities in
providing technical advisory services to pro-
ducers, melters, and fabricators of the above
matazials, and to designers and fabricatars of
military equipment containing these materials,

3, To assist the Government agencies andtheir con-
tractors in developing techrical data requiredfor
preparation of specifications for the above ma-
teriale,

4. On assignment, to conduct surveys, orlaboratory
research investigationa, mainly of a short-range
nature, as required, to ascertain causes of trou-
bles encountered by fabricators, or to fill minor
gaps in established research programs,
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MACHINING OF TITANIUM ALLOYS
C. T. Olofson, A, F, Gerds, F, W, Boulger, and J. A, Gu klis*

GENERAL CONSIDERATIONS

Introduction

Ten years ago, titanium had the reputation of
belng very difficult to machine, compared to common
constructional materlals, However, Government and
private research on titanium machining, experlence,
and the use ¢f all Information generated has pro-
gressively improved this situation.

During 1957, the Titanium Metallurgical Lak-
oratory, now the Dofense Metals Information Center,
putlished TML Report BC which summarized the state
of the ast of machinlny tltanlum and the alloye
availacle at that time., The present memorandum
comblnes the tasic {nformation from this and other
IML and DMIC publicatlions with more recent data ob-
talned irom Government rerorts anj personal inter-
views, DMIC also acknowledyes the asslstance of
the Federal Aviation Agency in updating this infor-
mation in particular on Ti1-BAl-1Mo-1V and Ti-6Al-6V-
25n through thelr support at Battelle of a program
to develop a handbook on titanium alloys.

There have teen no umalor breakthroughs in
machining titanium alloys, al . hough more data on
T4-13V-11Cr-3A1 and other new alloys could be forth-
coming, It can be stated, howsver, that as various
companies using titanium alloys gain experlence,
there 1s a steady Improvement in rates of metal re-
movai. This Increase 1s caused partly by increased
uniformity in the alloy, and partly by strict atten-
tion to the michining condltions required for titan-
fum,

Today, tools and technlques are availatle for
maszhining titanlum efriclently, In fact, some
maczhining operations give more consistent results on
titanium than they do on some grades of steel. A
bonus factor is the ease of attaining good surface
finlshes. Rms values as low as 20 to 30 microinches
can be obtained on some titanium parts without much
trouble.

Machining Titanium

Machining Behavior

The machinability of unalloyed titanium is
similar to that of anrealed austenitic stalnless
steels, while titanlum alloys are more comparable
to 1/4-hard und 1/2-hard stainless steels. Table 1
shows the spproximate machinability relationships
between the titanium alloys and the other allove of
interest to the aircraft {ndustry,

Generally speaking, mo:hining problems for
titan!m originate from tinree sovrces: exzessive
cutting temperatures, chemical reactivity with tools,
and a relatively low modulus of elasticity, A
bullt-up edje, howaver, does not form on tools used
te machine titanfum., Although this phenomenon ac-
counts for the characteristically good finish on
machined surfaces, it also leaves the cutting edge
naked to ‘he abrading action of ¢he chips. In addi-
tion, titanium produzes a thin chip which flows at
hinch velo~ity over the tool face on a small tool-
chip contact area., This, plus the high strength of

*Research Meoalluraist, Yenior Research Metallurgist,
any Ulvision Chief, Metalworking Research Division;
ard Senlor Crerical Engineer, Electrochemical Enjin=
eeriny Divislion, Battelle Memorial Irstitute, Colum-
bus, Chio.

titanium produc~s high contact pressures at the too
chip Interface., This combination of events and the
poor heat conductivit: eof titanium results in un-
usually high tool-tip temperatures,

TABLE 1. MACHINABILITY OF TITANIUM AMD ITS ALLGYS
RELATIVE TO OTHER SELECTED MATERIALS

Con?i; Rat~-
a

Alloy Type tion iny(b
2017 Aluminum alloy T4 3c0
Bl112 Resul furized steel HR 100
1020 Carbon steel CcD 70
4340 Alloy steel A 45
T Commercially pure A 4
302 Stainless steel A 3%
T1-5A1-2,55n Titanlum alloy A 30
Ti-8Mn Titanium alloy A 25
Ti-6A1-4Y Titanium alloy A 22
Ti-BAl-1Mo-1V Titanium alloy A 22
T1-6A1-6V-25n Titanium alloy A 20
Ti-6A1-4V Titanium alloy HT 18
T1-6A1-6V-25n Titanium alloy HT 16
Ti-13V-11Cr-3A1 Titanlum alloy A 16
Ti-13v-11Cr-2341 Titanlum alloy HT ~12
HS25 Cotalt base A 10
René 41 Nickel base HT 6

(a) T4 = solution-heat-treated and artificially az
conditions HR = hot-rolled conditi- A= an-
nealed condition; HT = solution treated and aae
condition.

(b) Based on AISI BI112 steel as 1CC.

Titanium's strong chemical reactivity with
tool materials at high cutting temperatures and pre
surcs favors gall'ng, welding, and smearing, Abra-
sion by surface contamination or scale, if present,
can notch cutting tools at the depth of cut line,
Titanium's relatively low modulus of elasticity car
cause slender parts to deflect more than steel,
creating tolerance and tool-rubbing problems. In
addition, titanium may shrink on steel drills,
reamers, and taps because of differences in the
thermal expansinn of the materials involved.

It 1s desirable to use suitable cutting fluid
properly aprlled. 1In general, it is sugjested that
chlorinated flulds and solvents should not te used
wherever alternate nonchlorinated liquids are avail
able., This is due to the possibility of encounter-
ing chlorids siress cerrosion, If the part retalns
residual chlorides on the surface and 1s cublected
to subsequent heating. Where chlorinated cutting
flulds are used, these should be removed promptly,
for exanple, Ly using methyl etlyl ketone or acetor

General Maclining Requirements

Difficulties in machining t{itanium may be
minimized conslieratly by providing a suitable cutt




environment, Baslcally, this means that high-
quality machine tools, vibrztion-free rigid setups,
and appropriate machining conditions should be used,

Machine tools used for various machining opera-
tions should exhibit the followlng characteristics:

Mi11l Turn Drill Tap

True running spindle X x x x
Excellent spindle bearings x x X x
Dynamic balance X X

Flywheel -assisted speed drives x

Snug table gibs x

Backlash elimination X x x
Rigid frames b x x

Wide speed/feed ranges x x x x
Ample power to maintaln speed x x X x
Easy accessibility for X x x x

maintenance

The compositions of tool materials commonly
employed in machining operations on titanium are
listed in Tables 2 and 3,

Aprropriate machining setups require strong,
sharp cutting tools; positive feeds; relatively low
cutting speeds; and certaln types of cutting fluids,

Cutting tools should be properly ground. The
face of the tool should be smooth, and the cutting
edges free of feather burrs., Milling cutters, drills,
and taps should be mounted to run true. Lathe tools
should usually cut on dead center. In a multiple-
tooth cutter like a mill or a drill, all teeth should
cut the same amount of material,

All machining operations require a positive,
uniform feed achieved mechanically. The cutting
tool should never dwell or ride in the cut without
removing metal. As an added precaution, all cutters
should be retracted when they are returned across the
work. The cutter siwould be up to speed and should
maintain this speed as the cutter takes the load.

Vibration-free operation can be obtained by
eliminating any looseness in power transmissions or
excess play in slides or screws, Undersized or un-
derpowered machines should te avolded. Certaln aisle
locations of machines near or adjacent to heavy
traffic also can induce unwanted vibration and chat-
ter during machining. Finally, improper cutter
rigidity and/or geometry can contribute to vibration.

Rigidity of operation is a very important con-
sideration for the successful machining of titanium.
It 1s obtained through the use of adequate clamping
and by minimizing deflection of work and tool during
machining., In milling, this means machining close
to the table, frequent clamping of long parts, and
the use of backup blocks for thin walls, Rigidity
in turning is achleved by mazhining close ‘o the
spindle, gripping the work firmly in the collet, and
providing steady or follow rests for slender parts.
Drilling requires short drills, positive clamping
of sheet, and backup plates cn through holes.

Cutting speed is the most sensitive factor in
all machining operations. Excessive speeds cause
over heating and consequent low tool 1ife; hence,
they are limited to relatively low values, unless
adequate coolinj can be supplied at the cutting site.

Health and Safety Considerations

No physiologlcal reactlon from titanium on the
human body has been reported. However, a potential
explosion hazard may exist if very finely divided
titanlum Is present in the alr in proper proportions.

The fire hazard is more real, Fine chips and
turnings can be ignited under certain conditions.
Titanium turnings also may ignite when the ~etal is
cut at high speeds without the adequate use of
coolants, In t. same manner, dry grinding can cause
trouble due to the Intense spark stream, Finally,
c¢hip accumulations from poor housekeeping habits and
improper storage produce likely sites for titanium
fires. Systematic clearing of machines, ducts, and
floors, and the removal of titanium chips to {solated
outside locations will alleviate the fire hazard
situation,

TABLE 2, COMPOSITIONS OF HIGH-SPEED-TOCL STEELS(.'b)

Alloy Content, welight percent

C(Ax:fec) Tungsten Clromium Vanadium Cobalt Molytdenum
T 18 4 1 “ -
T4 18 4 1 5 -
™ 18-1/2 4 1-3/4 8 -
Té 20 4 2 12 -
18 14 4 2 s -
s 14 4 5 3 -
LY 1-1/2 4 1 - 8
w2 6 4 2 - 5
MO - 4 2 - 8
M3 6 4 2,7% - ]
'Y 5.5 4 4 - 4.%
W 4 4 1.% 12 5
M 1.7% 3.75 2.0 - 8.7
M30 2 4 1.2% -] 8
M33 1.7 3.7% 1.0 8.2% 9.2%
N34 2 4 2 8 8
M5 6.5 4 5 5 3.
M3% 6 4 2 ] 5
M36 6 4 2 8 5
M4l 6.75 4.2% 2.00 3.00 3. 7>
M42 1.50 3.7 1.1% 8,00 9.50
M43 1.7% 3.7 2.00 8425 8.7
Ma4 9.2% 4.2% 2,29 14,00 5.2%
(8) Table taken from AZM Metsls Hanibook, Supplement, 22
(19%4),

(b} For commerclal listings, reference can be made to “A
Gu!d; to Tool Steels and Carbides™, iteel (Apriy 21,
19%8).

(c) T1, Ml, and MIO perform similarly for ordinary appli-
cations., #hen greater than averaje red hardness {s
needed, cobalt-containing grades are recomrended,
All grades in the molybdenum and tungsten greups sre
not necessari{ly comparatle. Spe lal-purpose steels
such a8 T6, T8, T1%, M4, M35, and M35 seems to have
no close counterparts in the  ther jroups. The uni-
que compositions and properties of thess steels sult
them to certuln aprlicstions without competition,



CONVENTIONAL MACHINING

Milling Operations

Intreduction

Milling titanium parts can be troublesome.
Galling of tools and the amount of titanium smesred .
on cutter edges (s proportional to the chip thick-
ness as each tooth leaves the cut. The smeared
metal and part of the underlying cutting edge then
chips off as each tooth re-enters the cut, thus
starting » wearland. Galling increases progressive-
ly and wearland grows until tool fallure occurs.
This progressive tool chipping and wesr phenomenon
also produces a gradual surface-finish deterioration
and a loss of tolerance. Both factors can become
serious unless the worn or damaged tool is replaced.

Other problems to be faced include heat, de-
flection, and abrasion. Excessive cutting tempera-
tures soften chips which can clug flutes and load
rellef surfaces, Deflection of thin parts and slen-
der milling cutters promote rubbing and added heat,
Abrasive oxlde surfaces on titanium can notch the

variety of shapes and sizes to ajrcraft standards
of surface finish and dimensional accuracy. A
surface finish of 63 u inches or better is readily
attainable and values as low as 17 u inches are
possible in finishing cuts. In spar milling, leg
and web thickness, as well 8s section height dimen~
sional tolerances can be held to %0.010 inch.

Milling Machines

Horizontal or vertical knee-and~column milling
machines are commonly used for face-milling, end-
milling, and pocket-milling operations. Heavy-duty
fixed-bed milling machines also can be used for face
milling and end milling,

Numerically controlled, vertical profile mill-
ing machines, or tracer-controlled milling machines
&re used for profile-and picket-milling operations.

Generxally speaking, 10 to 15 horsepower is us—
ually sufficient for milling titanium, This means,
foxr example, a Nn. 2 heavy-duty or a No. 3 standard
knee~and~column miliing machine. However, the laxge
machines often needed to accommodate large parts

cutter at the depth-of-cut line may have as much as 25 to 50 horsepower available,

Another problem in milling titanium, particu-
larly in the case of extrusions, results from
distortion through the release of stresses original-
ly imposed by the basic mill processing operation.
Distortion occurs when unequal amounts of metal
are removed from opposite surfaces, or by the
machining operation itself.

Milling Cutters, Design, and Quality

The cholce of the milling cutter used depends
on the type of machining to be done. Face mills,
plain milling cutters, and slab mills are used for
milling plane surfaces, End mills are used for
light operations such as profiling and slotting.
Form cutters and gang-milling cutters are used to
produce shaped cuts, All cutters need adequate
body sectlons and tooth sections to withstand the
cutting loads.

The smearing/chipping behavior can be minimiz-
ed by providing thin exit chips characteristic of
down milling. Lower speeds and light feeds also
reduce chipping, and permit lower cutting tempera-
tures. Water-base coolants also reduce cutting
temperatures and hence minimize galiing. Chemical
removal of any oxlde skin before machining will
alleviate the abrasion problem. Stress relief
after machining overcomes the distortion problem.

Tool angles of a milling cutter should be
chosen to promote unhampered chip flow and immediate
ejection of the chip. The controlling angles in
this regard are axial rake, radial rake, and corner
angles. These combine to form the true rake angle
In spite of the difficulties described, mill- and the angle of inclination,

ing operations can produce titanium parts in a

TABLE 3. TOOL~-MATERIAL GUIDE FOR CARBIDES

(%) Partisl List of Cerbides{b) Msde by Varlous Manufscturers
CIsc Kenna- Sandvik Tungsten
Grade Ademas Carmet Carboloy Firlomet Firthite Metal Newcomer Coromant Talide Alloy

Vascoloy

Valenite Ramet Wesson Willey

c-1 B CA3 444 FAS H Kl NC4 Hl Cc9 9 vCl 2A68,VR54 GS E8,E13
c-2 A Cas 883,860 Faé HA K6 NC3 Hl [22)3 SH ez 2A%,VR54 Gl g6

c-3 AA CAY 905 FA7 HE X8 NC2 H3 93 9C vcs3 247 GA ES

C~ AAA CA8 999 FAB HF Kll NC2 H5 95 2] vC4 247 GF E3

C-5 DD CAS1 18C FT3 T4 KM NS65,NS¢4 56,54 588 1T vC5 EE,VR77 WS 945
C-BA 434 CA6l0 370 FT41,FT> TH K21 - S1p 588X 9s VC125 VR77,VR7S 26 8A
Cc-6 D CA609  718B FT4 FXH,TA K2S N53 52 90 107 YC6 YR7% ™ 710
c-7 [ CA608 78 FT6 TR K5H NS2,NS17 Sl s 8T ve? E,VR73 L] 606
C-7A 548 CA606 330 FT61 T16, TXL K4y - - 592X 55 - VR73 W 6A

c-8 cc CA605 330 FT7 T31,WF K74 NS15 Fl 594 58 vea 2] W 309,44

(2] Carbide Industry Standardization Committee.

(b} For the same CISC grade, there seem to be no truly equivalent carbldes of different brands. Where two carbide grades from the same
manufacturer ar» shown for the same CISC grade, the first is sometimes recommended.

Notes:

(1} The followlng chip-removal applications have been used for the CISC grade indicated. It will be noted that some grades specify the
type of metal removsl for which they are best sulted,

C-1 Roughing Cuts - cast iron and nonferrous materials
C~2 Genersl Purpose = cast iron and nonferrous msterials
C-3 Light Finishing ~ cest iron and nonferrous materlsls
“-4 Pracision Boring - cast {ron and nonferrous materisls
C-% Roughiry Cuts ~ steel

C-5A Roughing Cuts and Hesvy Feeds - steel

C~6 General Purpose - steel

C-7 Finishing Cuts ~ heavy feeds - steel

C-7A Finishing Cuts - fine feeds - steel

C-8 Precision Boring ~ steel

* This chart can function =nly as s gulde, The so-cslled "best grade" may differ for each specific job even L{f the material belng

M hined {1 the same,  The final selection can be made only by trisl and error., Instructions regarding the specific use and appli-
ation of any -ompetitive grade should be obtained diractly fyom the manufscturer,



Rake angles are not especially critical. Some
fabricators prefer C-degree instead of positive rike
angles to overcome a tendency of the cuttzr to dig
in and to chip prematurely.

The use of 8 corner angle plus a small nose
radius alsc provides a longer cutiing edge, This
distritutes cutting forces over a greater area,
thus causing less pressure. It also aids In dissi-
pating the heat of cutting.

At lower speeds, rellef angl s around 12 de-
grees give longer tool life than do the standard
relief angles of 6 »r 7 degrees. If chipping oc-
curs, the reliefs should te reduced toward the
standard values, Gererally, rellef angles less than
10 degrees may lead to excessive smearing along the
flank, while angles greater than 15 degrees weaken
the tool and encourage "digjing-in" as well as chip-
ping of the cutting edge,

All cutters should be ground and mounted to
run absolutely true in order to make the best use
of the relatively light feeds used in milling titan-
fum, and to make certaln that all teeth are cutting
the same amount of material, The total runout
should be no more than 0..Cl-inch TIR,

Tool Materials

The zholce of the proper tool material is not
a simple matter in milling, The correct selection,
in fact, depends on eight factors:

The milling machine and its condlition

Type of cut and rigidity of setup

The composition and hardness of the workplece
The shape and size of part

The finish required

The dimensional accuracy needed

The desired metal-removal rate

The skill of the operater.

Conventlonal hlgh-speed s*cel cuiters are
popular and can be used in the followiny irstances:

Low production volume of small parts
Slots and form cuts

Milling under conditions of insufficient
rigidity

Eng mills, form mills, narrow side-cutting
slitting saws, and large radius cutters,

Tool Jife 15 low by ordinary standards when milling
titanium and it is quite sensitive to speed, Fur-
thermore, some differences in the performance of
high-speed steel cutters may exlst between cutters
of the same type and geometry but obtained frem dif-
ferent suppliers. This difference can te atiributed
to composition and/or heat treatment of the tool.
High-speed steel cut‘ers, ‘herefore, should be pur-
chased to the specifications covering the grade and
appropriate heat treatment of the steel,

» complete 1isting of high-sperd steels is
shown in Tatle 2,

Carbide-milling cutters are eopecially useful
for high-production or extensive metal-remroval
operatiors, particularly in face-milling and slab-
milling applications. Carkiie millin: i< dore ex=-
tensively in the aircrafe induetry, ani 17 rerom-
mended whenever possible tecausse of the hiiher pro-
duction rates attalnatle, However, cartiie cutting
tools require heavy-duty, vibration-frre ma hines
and rigid fixturing,

4

The surcess of carbtide milling depends larjely
03 7eneral supervision and control. A qualified
supervisor knowledygeatle {n cartide tooling shevld
be responsible for the carblde-milling effort.
Come competitive grades of carbldes are fdentifiez
in Table 3.

Feeds

Feed rates for milling titanium are us.ally
1imited to the range of C.0C2 to 0.CCE ipt to avaid
overloading the cutters, fixtures, and miliing
machinz, Lijht feeds 3% low speeds also help to
reduce premature chipping. Delicate types of cut-
ters and flimsy or ronrigid workpleces reg.ire
emaller ferds, It s important ¢o maintaln a posi-
tive, uniform feed, Positlve gear feeds without
tacklash are sometimes preferred over hydraullc feed
mechanisms, Cutters should not dwell or step in the
cut,

Down-milling techniques are u:zually used for
carbide and cast-alloy cutters to encouraje forma-
tion of 3 thin chip.

Depth of Cut

The selection of cut depth drpends on the
part rizidity, the tolerances required, ant the
type of milling operatlon undertaken., For skin
milling, ilgnt cuts (C.C10 to €.C2C inch) seem to
permit less warpage than Adecper cuts [C.04C to (.00
fnch), When cleaning up extrusions, a {.75C~in"%
depth s usually allowed. ‘HHowever, drpths of cut up
to C.15 inch can te used in otter sit.ations 1f sut-
ficient power {s avallaltle, Men forging sale is
present, the nose of each tooth must te kept telow
the scale to avold rigld tool wear.

Cutting Speeds

Cutting
milling titani

speed 15 a very critical fa<rer in
.T. Exzesslve speecis will -ause oner-
heating of “he cutter ¢dqges and subenguont rapid
tool failure, Consequently, cne should ro*
*he speeds stown In Tatles 2, &, and A, In
when startinag on a new 3ob, 1t is advisatle
a cutting sperd in the lower portion of ‘i«
mended rance.

exnewd
fact,

1o use
IPCOM-

Sufficient flyvhecl-assisted splndle power
should be present te maintain ceonstant cuttini speed
as the cutter takes the cutting load.

Cut*ing Fluids

A wide variety of cutting flulds are used <o
reduce cutting terperatures and to intitl. yalilng,
Sulfurized mineral olls are used extensively ani are
usuall, flood applied, Water-base cut*ing
are also widely used ani are either flooi or riut
applied, Exawples of the latter include:

£yt
1 SRR

Water-soluble waxes

Heavy-duty solutle oll emulelons [1:10
dilution}

Rust=innibitor types [Nitrite amine!

Cremi~al ~oolants [Eal ™), in wator )
‘

Certaln proprirtary coolants /Mol il 77773,
Jotnson TL-131, Cimplus, and othors',

Tool l1ife cuems ‘o ke sianitl antly trpiov @ when a

S percert tarium hydroxi drewater eclutlon Lo end ae
a spray mist, ‘lowever, 1t cxtannt
the fumes from the cutting arsa %o prote * U.e opera-
tor.

covrg aldylaa (oo
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TABLE &€, MILLING TITANTUW ALLOYS WITH HELICAL FACE HILLS(.)

High«Speed Stoel

Cutter Materiel: Carhide
Ti-6A] -4V T1-6A1-4V
Titanium Alloy T-5A1-2.%5n TL-TA) 410 TE-%41-2.%50 T4-741 -4l
Machined TL<4A)-285-1V  Ti-BAL-1No-1V T1-5A1-HV-25n T1-13V-11Cr-3A1 T{-441-300-1V T{-BAl-1Mp-1V Ti-6A1-6V-25n Ti-13V-11C
Tool Materisl
Type C-l or C-2 C-1 or C-2 c-2 c-2 T1S or M1® M3 M3 or T15 T19
Tool Angles,
degrees
Axial Rake o] +6 to 6 0 0 to *10 0 to +10 +4 to -6 0 10
Radial Rake 0 to ~10 0 to -14 [o) 0 to +10 0 to +10 0 to -l4 [ 0 to +10
Corner 45 to 60 [+] 4% 4% 30 to 45 0o 49 4%
End-Cutting Edge 6 to 10 0 10 9 to 10 6 to 10 (¢} 10 S to 10
Relieof 10 to 12 6 10 10 10 to 12 6 10 10
Tool Nose Rsdius,
tnch 0.04-0,12% 0.04 0.04 0.04 0.04-0.12% 0.04 0.04 0.04
Feed, ipt 0,002-0,012 0.00% 0.004-0.0C6 0.003-0.006 0.002-0.008 0.00% 0.004-0,006 0.004-C.0
Depth of Cut,
inch 0.0%~0.2% 0,2%-0.0% 0.0%-0.10 0.0%-0.10 0.05-0.2% 0.025-0.0% 0.0%+0.10 0.0%-0.1C
Speed, fpm :
Annesled Alloys BO-210 160-170 125-1%0 100-12% 15-7% 80 60 4%
Aged Alloys 095 - 80-100 70-100 30-% - %0 30
Cutting Flutds Soluble oil-  Soluble oll~ Sulfurized Sulfurized Soluble ofl- Soluble otl- Soluble oll-  Soluble of
water water mineral oil mineral oil water water water water
emulstons emulstons emulsions emul sions emul slons emul sions
Types Water-soluble Chemical - - Water-soluble Chemical - -
waxes coolants waxes coolants
Application Spray mist Spray mist Flood Flood Spray mist Spray mist Flood Flood
or flood or flood
(8) From References 1 to 7 Inclusive; see page 8 for listing,
TABLE 5. MILLING TITAUIUM ALLOYS WITH HELICAL ExD mrrrs(®)
Profile or Pocket Milling
Milling Cperaticon End Milliny Frofiling Slot*ting Ceorner Milliing Slotting Corner M
Cutter Material: H b ~Cene 4 Strel High-Speed Sterel So0lid Cartide
Ti-4 Al -4V
Titanium Alloy T{-7A1~4Mp
Machined: TI-9A1-2.%5n  T1-€41-6¢.25n T1-13V-11Cr-2Mo T1-5A1-2.%3n T1-8A1-1Mo-1V T1-BAl~1Mo-1V
Tool Material Type M3, Type 2 e ¥4 M3, Type 2 k) ™ C-l1 or C-2 C-1 or C
Tool Anales, deqrees
Hellx 30 ksl 30 45 30 3C 30 an
Raiial Rake 0 o] 0 10 0 to +4 0 to +4 0 to +4 C to +4
Corner - -- -- -- - - - -
End-Cutting Edge - - - - - - — o
Relief 10 10 10 4 to 15 [ 6 12 12
Tool Nose Raidtus,
inch .- - - - -- - - -
Feed, 1pt 0.003-0,00% 1,030,005 0.003-0,00% 0.0015-0,0(3 C,002-0.004 0,004 0.002-0.004 0.004
Depth of Cu®, 1/3 cutter 1/3 cutter 1/3 cutter .- - . . -
inch dlameter diameter dismeter
Speed, fpm
Annealed Alloys 60-T0 SC-60 30-40 10-30 5C 70-90 200 200
Aged Allnys -- 3C-40 20-2% - -- -- - -—
Cutting Fluids tHeavy~-duty water-solubie oll Solu*le oil- Solul.e oll-water [1:32 dijution} or
w3 er emul- barium hydroxide (5% soiution) spplied
sioni or rust- as & spray mist,

inhititor
coolant, mist
sprlied

(8} From Feirrences 1 to 7 fnclusive; see page B for listing.
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TABLE 6., SPAR- CR SLAB-MILLING TITAMNIUM ALLOYS
Cutter Material: Cerlide
§ Ti-€641 -4V
© Titanium Alloy T1-741-4Mo
Machined: Ti-BAl-lNo-1V T{-£Al-6Y-25n
Tool Material Type c-2 C-2
Tool Angles, degrees
Axial Rake 15 15
Radial Rake 0 0
Corner .- --
End-Cutting Edge -- --
Relief 12 12
Tool Nose Radius, inch =- --
Feed, 1pn'®) 90-150 90-150
Depth of Cut, inch(c) 0.025-0.075 0.025-0.075%
Spe2d, fpm
Annealed Alloys 230-370 230-370
Aged Alloys - -

Soluble oil-water emulsions
(1:30 dilution) or barium
hydroxide {5% solution) as
a spray mist

Cutting Fluids

(a) From Reference 5.

(b) The unit feeds resulting from the linear feeds
shown range between 0,CC4 to 0,12, ipt, depend-
ing on the finish desired, However, too light a
feed can oroduce red-hot chips which can cause
a fire hazard.

(c) when cleaning up extrusions, only atout C.0¢
inch depth of cut can be taken in order to re-
duce materisl costs. Hence, for long parts,
use the feed/speed combination which gives the
most economical metal removal tased on machines
avallakle and cutting-tool inventory,

Good tool life can be obiained by using the
spray-mist technique for all water-tase coolants,
The mist should be applied ahead of a peripheral mill-
ing cutter (climb cutting), and at both the entrance
and exit of a face-milling-type cutter, Tressurizing
the fluid in ar aspirator system permits k.tter pene-
tration to the tool-chip area, better cooling, and
better chip removal.

There are a number of proprietary fluids in
each category which are preoducing excellent results.

General Milling Techniques and Inspection

Machining ti*anfum requires reasonably close
supervision, Thls means that the supervisor should
check all new milling setups before cutting opera-
tions begin, Thereafter, he should spot check for
nicks and scratches to prevent defective parts from
keing processed too far.

The milling cutter also should be examined for
early indications of dvllina, If a dull red chip
starts to form, the tool should ke repla-ei, Some
companies recomend at least two cutters for a given
operation., Minimum downtire usually occurs when the
entire cutter is replaced by a new one,

Surface contamination ma, hbreak down cutters
prematurely, If this is a problem, the abrasive
surface can te removed by chemical «<leaning.

Face-M{1ling Operations

Introduction

Face-milling operations employ the comblined
action of cutting edges located on the periphery
and face of the cutter., Tho milled surface is gen-
erally at right angles to the cutter axls, and is
flat except when milling to a shoulder, Face mills
and end mills represent the tools used in thls opera-
tion, Face mills are sultable for facing workplieces
wider than 5 inches. End mills are used for facing
narrow surfaces, and for operations sush as profil-
ing and slo*tirg, The following tabulation shows
the type of mills used in various operations.
Figures 1 and 2 show the {mportant tool angles in-
volved,

Type Mill Dismeter Applicstion
\

Face mills(" 6 inches and greater Roughing and finishing

Shell end mills 1 to 6 {nches Facing wide surfaces

End mills 1/2 to 2 inches Facing narrow surfaces
End milling
Profiling
Slotting

Slotting mills 1/2 t2 2 {nches Slots

{a) Indexable face-milling cutters using throwaway csrbide in-
serts are available 1n positive or negative rakes wi‘h
lead sngles up to 4% degrees,

Face or Skin Milling

Conventional face mills are sultable for
machining relatively wide flat surfaces, Typical
designs include those of Futurmill, Ingersoll, and
other makes, Speclal face mills are also used ard
include the rotating insert and conical types.

Diameters of face mills are important; they
can range up to 6 inches, but should not be apgre-
ciabtly greater than the width of the cut. If a
smaller diarmeter cutter can perform the operation
and still overhang the cut by 10 percent, then a
larger cutter should not be used, It 1s not good
practice to bury the cutter in the work.

A good snurface finish ard freedom trom dis-
tortion are always desirable., Surface finish, in
the case of milling, scems to become considerably
better with decreasing feed, ani slightly better
with increasing speed. Light cuts (0,C10 to 0,020)
on sheet metal seem to cause less warpaje than deep-
er cuts (0.C40 to 0.060 inch).

Table 4 contains data on feeds, speeds, depth
of cut, ard other varlitles important in milling
titanium alloys.

Profile or Pocket Milling

Profile or pocket miiling is done with end
mills. Cutters are fed gradually into the wecok to
keep them from grabbing and breakinj. Chlp crowi-
ing, chip disposal, ani tool deflecticn can be
problems during this machining operation.

Helical-type end mills give better performance
than stralght-tooth designs. When the end of the
cutter is doing the cutting, the Rand of the helix
and the hand of the cut should ke the same, l.e.,
right-hand hellx for a right-hand cut, When the
periphery of the cutter is dolng the cutting, the
opposite is true, l.e., left-hand helix for a right-
hand cut.
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Cutter diameter in pocket milling depends on
the radius needed on the pockets, Due to an inher-
ent lack of rigidity, end mills should be as short as
practicable, and thelr shenk diameters should eq.al
thelr cutting diameters,

The shank of end mills should be softer than
the cutter flutes to avoid breakage between shank
and flutes,

Table 5 provides cutting data c¢n end milling,
a5 well as on profile milling using high-speed steel
and solid carblide cutters,

Peripheral Milling Cperations

Introduction

Peripheral milling operations utilize the cut-
ting action of teeth located or the periphery of the
cutter body. Arbor-mounted cutters used for such
operations include plain mills, helical mills, slab
mills, form relieved cutters, formed profile cutters,
side mills, and slotting cutters,

It should be noted, however, that face mills
are usually more efficlent in removing metal frem
flat surfaces and produce them more accurately than
plain milling cutters do. Higher feed rates are
also possible with face mills because they are more
rugged, In addition, the complicated supports usual-
ly required for arbor-mounted cutters are unnecessary
when face mills are employed.

Spar or Slab Milling

Spar or slab milling is used to bring extru-
sions into alrcraft tolerance and to provide a good
surface finish. The operation can be performed on
a heavy-duty fixed-bed mill like the Sundstrand
"Rigidmil", Large bed m!ills, however, may not have
adequate feed ranges,

Spars and similar sectlons, belng relatively
long and thin, require special considerations. As-
received extrusions may need straightening before
machining, since extrusion-strajghtness tolerances
exceed mill fixture and part tolerances.

Rigid setups are necessary, but spar extruclons
should not be forced into a fixture.

When using arbor-mounted cutters, the arbor
should be of the largest possible diameter, Further-
more, the arbors should be supported on each side of
the cutter with over-arm supporte,

Slab-milling cutters should be mounted so that
the cutting forces will be absorbed by the spindle
of the machine. This is accomplished by using cut-
ters with a left-hand helix for a right-hand cut,
and vice versa,

When two milling cutters are used end-to-end
on the arbor, cutters having helixes of opposite
hand to the cut involved should ke used, This get~
up neutralizes the cutting forces which tend to
push the cutters away from the arbor.

Carbide cutters are preferred because of the
higher production rates attainable--except under
conditions where the inhezcant brivtleness of the

8

carbide precludes 1ts use, Hellcal cutters are
recommandvd, They provide wider and thinner chips
taan do the corresponding stralght-tooth types,
slab milltng, six cut*ing edges per inch diameter
allows heavier feeds and longer tool llves than the
conventional three cutting edges per inch diameter,

In

Table 6 glves machining data used for milling
T1-8Al~1Mo=1V and Ti-6A1-4V spars,

Selected References on ¥illing

(1) Buhler, T. C., "The Machining and Grinding of
Titanlum Hydrofolis"”, R-130, The Miami Ship-
building Corporation, Miami, Floridz, for the
U. 5. Navy, Bureau of Ships, under Contract
No. NObs 72245,

"Milling, Drilling, and Tapping the Difficult
to Machine Materials”, Metal Cutting Tool Insti-
tute, New York, New York (1958).

Gunter, J. L., "Determination of Adaptability
of Titanium Alloys: Volume III., Processes and
Parts Fabrication", Final Report AMC-TR-%8-7-
574, The Boeing Airplane Company, Seattle,
Washington, for the U, S. Air Force under Con-
tract AF 33(600)-33765 (December 1, 1958),

AD 156058,

{4) "Increased Production Reiuced Costs Throuch a
Better Understanding of the Machinino Process
and Control of Materials, Tools, and Machines",
Volume IV, AMC-TR-60-7-532, Curtiss-wright
Corporation, Wood-Ridge, 'ew Jersey, for the U,
S. Alr Tui.e under Contract AF 33(6CC)-295967
(May, 1960).

Phillips, J. L., "Cutter Geometry, 8-1-1 Titan-
fum”, SAE National Aeronautic and Space Engin-
eering and Manufacturing Meeting, lLos Angeles,
California (October 6, 1964),

(6) van Voast, J., “"Increased Production Reduced
Costs Through a Better Understanding of the
Machining Process and Control of Materials,
Tools, and Machines”, Volume 111, Curtiss
Wright Corporation, Wood-Ridge, New Jersey, for
the U, S. Air Force under Contract AF 33{(38)-
9948 (19%4).

2latin, N,, Field, M., and Gould, J., "Machininy
of Refractory Materials", Volume VIII, ASD-TR~
7-532a, Metcut Research Assocliates, Inc., Cin-
cinnati, Chio, for the U. S. Alr Force under
Contract AF 33(60(C)-42347, for the period

August 1 to Cctober 31, 1962 (November, 1962).

Turring and Boring Cperations

Turning and boring operations on titanium are
not particularly difficult when proper cutting con-
ditions are used. The problems to be minimized in-
clude high tool-tip temperatures, and the galling
and atrasive properties of titanium towa:? tool
materials, They can be avoided by following the
precautions listed in the section on "General
Machining Regquirements” and **: suggestions given
below. The conditions identified in this section
for turning should ke suitable for boring with
single-point tools.
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Lathes

A modern lathe in good condition proviies
production rates of five to ten times the rates pos-
sible with older machines, Vibration end lack of
rigidity are common problems on older equipment,

Cutting Tools, Tool Design, and Tocl Quality

Standard lathe tools are used for turning ti-
tanium, These are available in a varlety of shapes,
syzes, tool angles, and tool materlials, High-speed
steel, carbide, and cast-alloy tools can be used for
titanium.

Tool angles are important for controlling chip
flow, minimum smearing or chipping, and maximum heat
dissipation.

Positive, zero, or negative rake angles can be
used depending on the alloy, heat-treated condition,
and machining operation., The side rake is the im-
portant angle; positive rakes are best for finish
turning; negative rakes for carbide tools at heavier
feeds,

Relief angles between 6 and 12 degrees can be
used on titanlum, Angles less than 5 dogrees en-
coursge smearing of titanium on the flank of the tool.
Relief angles sround 10 degrees are better, although
some chipping can occur.

The side-cutting edge angle influences the cut-
ting terperature near the cutting zone., Larger
angles reduce cutting pressure and proccnt lenger
tool edges. The reduced pressure minimizes heat
formation; longer cutting edges allow a greater
amount of heat dissipation. Hence, hlgher values of
the side-cutting edge argle generally permit greater
feeds and speeds--unless chippirg occurs as the cut-
ting load is spplied or removed.

Chip-breaking devices should be used for good
chip control.

Figure 3 explains the nomenclature used for
single-point cutting toole,
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finished before use. Normally, this means that tool
surfaces over which chips pass should possess a good
rinish, with the direction of finishing correspond-
ing to the chip-flow direction. A rough surface can
cause 8 properly designed tool te deterio-ate rapid-
ly,

Recommendations on tool geometry are glven in
Tables 7 and 8.

Tool Materials

Experlence indicates that high-speed steel
tools are best suited for form cutting, heavy plunge
cuts, and interrupted cutting, Carblide tools are
normally used for continuous cutting situations,
high-production items, or extensive metal-removal
operations, Nonferrous cast-alloy tools are suit-
able for severe plunge cuts, machining to dead
center, and producing narrow grooves. Ceramic tools
have not proved successful for titanium machining.

High-speed steel and cast-alloy tools can be
ground to the tool geometry needed, The same {s
true for carbide tools; however, off-the-shelf
brazed and throwaway carbide tools will fit the
rake, le~d, and relief angle requirements and are
convenient to use.

LPeds

The three cardinal rules for feeding practices
when turning titanium are:

Always use constant, positive feeds
Avoid dwelling in the cut
Never stop or slow up in the cut.

The metal-removal rate and surface-finish require-
ments will determine the amount of feed to be taken;
heavy feeds for higher metal-removal rates, light
feeds for better surface finishes.

Recommendations on feeds are given in Tables
7 and 8.

Depth of Cut

The choice of cut depth will depend on the
particular situation and the metal removal rate
desired, For rough cuts, machine below any hard
oxide skin remalining from previous processing. For
finishing operations, use light cuts for the best
surface finish and closest tolerances. Appropriate
cut depths are mentioned in Tables 7 and 8.

Cutting Speed

Tocl 1ife when turning titanium is more sensie
tive to cutting speed than to any other machining
variable, However, and fortunately for titanium,
high speeds are not necessary for producing good
finishes, Hence, relatively low cutting speeds are
used to obtaln reasonable tool life for a given
tool material.

Cutting Fluids

Cutting fluids are almost always used during
turning and boring operations to cool the tool and
to aid in chip disposal. Dry cutting is done in
only a very few instances, usually where chip con-
tamination is objectionable. Dry cutting is not
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TABLE 7. TURNING TITANTUM ALLOYS YITH CARBIDE TOOLS(Q)

Reugh Machining

Fintsh Machining

Titaniun Alloy
Machined:

e

T1-5A1-2,55n Ti-6A1-4V

T1-13V-11Cr-241

Ti-5A1-2.5Cn Ti-6A1 -4V

Tool Material Type C-1 Throwsway C-2 Brazed Type A

H

Type SBT Throwaway Type
AP

Tool Angles, degrees

Back Rake +5 to -5 45 to -5

Side Rake 0 to -6 +5

End Relief 5 to 10 8 to 10

Side Rellef % to 10 8 to 10

End-Cutting Edge 6 to 10 $ to 10

Side-Cutting Edge 5 to 20 0 to 45

Tool Nose Radius,

inch 0,03-0.045 0.03-0.04
Feed’ 1p7.‘ 0.015 0.003-0.015
Depth of Cut, inch 0.10-0.25 0.060-0.20
Speed, fpm

Annealed Alloys 100-120 70-150

Aged Alloys -- --
Cutting Flulds L See texte=-wecoma- >

C-2 Thxcwaway C-2 Brazed Type By C-2 Brazed Type A

Type SE. Throwaway Type or By Throwawsy's
-5 +5 to -5 0 to +10
-5 +6 to -6 0 to 410
5 5 to 10 6 to 8
5 5 to 10 6 to 8
45 6 to 15 5 to 10
45 5 to 20 0 to 30
1/32 0,03-0,045 0.06-0.1C
0.0n75 0.006-0,015 0.002-0,006
0.10 0,03-0.10 0.001-0.030
- 130-200 150-3%0
1co -- -
Barium L et See textemmavemca—ax >
Hydroxide
(5% solu-
tion)

(a) From References 1 to 7 inclusive, see page 11 for listing.

TABLE 8, TURNING TITANIUM WITH HIGH-SPEED STEEL TOOLS(a)

Rough Machining

Finish Machining

Titanium Alloy Machined: Ti-5A1-2.55n Ti-6A1 -4V Ti-5A1-2.55n Ti-6A1-4V Ti-13V-11Cr~3Al
Tool Material, AISI Type 15,115 15 15,T15 5 Ti%

Tool Angles, degrees

Back Rake 0 to +5 +5 to +1C 0 to +5 +5 to +15 C

Side Rake +5 to +15 0 to +15 +5 to +15 +10 to +20 +5

End Relief 5 to 7 6 to 1C 5 to 7 5 to 8 5

Side Rellef S5 to 7 6 to 10 5%t 7 5 to 8 5
End-Cutting Edge S to 7 5 to 15 5 to 6 5 to 1% 15
Side-Cutting Edge +15 to +20 0 to 45 10 to 20 0 to 30 15

Tool Nose Radius, inch 0.02-0.03 0.03-0.04 0.02-0.03 0.01-0,06 0.03

Feed, ipr 0.015-0,05%0 0.003-0.015 ¢.008 0.002-0,006 0.008-0.010
Depth of Cut, inch 0.10-0.25 0.06-0,20 C.060 0.001-0.030 0.015-0,10
Speed, fpm

Annealed Alloys 30 35-70 30-60 50-100 30-40

Aged Alloys - -- - -- 20-25
Cutting Flulds L e DL S LR P T See text-ev-memcccmmcn e e > Barium hydroxide

(5% solution)

(a) From References 1 to 7 inclusive, see page 1l for listinj.

recommended for semifinishing and finishing opera-
tions on titanium.

Water-base coolants are the most satisfactory
cutting flulds used for turning titanium., Specl-
fically, a 5 percent solution of sodium nitrite in
water gives the best results, while a 1:20 soluble
0il in water emulsion is second best. Sulfurized
oils may be used, but precautions mist be taken to
avold possible fires, A full, steady flow of cut-
ting fluid should be maintained at the cutting site,

Control and Inspection

When setting up a turning operation, the work
should be firmly chucked in the collet of the spin-
dle and supported by the tall stock using a live
center, The tool should be set to cut on dead
center,

During machining, chips should be expelled
from the work area as promptly as possible, partf-
cularly during boring. Chips lying on the surface
tend to produce chatter and poor surface finishes,
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The tool should be examined frequently for

nicks or wern flanks, These defects promote yalling

increase cutting temperature, accelerate tool we-r,

and incroase residual stresses irn the machined sur-

face,

Arbltrary tool-changing schedules are desira-
ble. Usually thls means replacing carbide tools
after 0,015-inch wrarlard in rough turning, and
0.010~inch wearland in finish turning. High-speed
steel tools are replaced after a wearland of 0.030
inch §s developed, Vhen perlodic interruptions are
made in a machining oreration, before the maxisum
wearland occurs, remove any welded-on metal, nicks,
and crevices by honing.

Finally, 1t may be necessary to stress relieve
all finlsh-machined parts.

Data on speeds, feeds, and depth of cut for
carblde and high-speed steel tools are shown in
Tables 7 and 8, respectively.

Selected References on Turning

(1) Flanagan, S. H., "Single Point Turning of Titan-
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for Metals Titanium Conference, Los Angeles,
California, March 25-29, 1957 (1958).

Hill, F. S., "Evaluation of Ceramic Tools for
Turning Titanium, .3c.nel, and Mild Steel™, Re-
pert No. 6, Westinghouse Electric Corporation,
Kansas City, Missouri (February 14, 1957).

(2)

"Increased Production, Reduced Costs Through a
Better Understanding of the Machining Process
and Control of Materlals, Tools, and Machlnes”,
Volume IV, AYC-TR-60-7-532, Curtlss Rright Cor-
poratien, Wood-Ridge, New Jersey, for the U, S.
Alr Force unde “oniract AF 33(600)-35%967

(May, 1960).

(3)

Stewart, I, J,, "Machining Characteristics of
Aged Titanium Alloy 13V-11Cr-3A1", Paper No,
505D presented at the National Aeronautics
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New York, New York, Aprill 3-6, 1962,
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poration, Wood-Ridge, New Jersey, for the U, S,
Air Force under Contract AF 33{038)-9948 (19%4).
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Zlatin, N., Field, M., and Gould, J., "Machining
of Refractory Materials”, Volume VII!, ASD-TR-
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August 1 to Cctober 31, 1962 (Novemter, 1962).

(7)

Drilling Operations

Introduction

Titanium s difficult to drill by technlaues
considered conventional for other materials. The
usuasl galling action of titaniumyaccentuated by
high cutting temperatures and rressures, prodices
rapid tool wear, Out-of-round holes, tapered holes,

or smesred hwoles are the probable results, with sub-
sequent tap breskage {f the holes are to be threaded,

These problems can be minized by

Using short, sharp drills

Supplying cutting fluid t~ the cutting
one

Employing low speeds and positive feeds

Supplyling solid support to the work-
plece, especlally on the exlt side
of the drilled hole where burrs
otherwlse would form,

Drilling Requirements

Machine Tools fer Drilling

Machines for drilling operatlons are made in
many different types and slzes. Size or capacity
1s generally expressed elther in terms of the
largest dlameter disk, the center of which is to
be drilled, or in horsepower. Heavy-duty machines
are exceptions, They are speclfied as the distance
from the supporting column to the centerline of the
chuck, The horsepower rating 1s that usually needed
to drill cast iron with the maximum drill diameter,
Suitable s{zes of machlnes for drilling titanium
include:

Upright Drill No. 3 or No. 4

Upright Drill, Production: 21-inch,
heavy duty, 5 hp

Upright Drill, Production: 24-inch,
heavy duty, 7-1/2 hp

Upright Drill, Production: 23-inch,
heavy duty, 10 hp.

Industry also has requirements for drilling
parts at assembly locations. These needs are ful=-
filled by portable power-feed, alir drilling machines,
Modern units incorporate positive mechanical-feed
mechanisms, depth control, and automatic return,

Some are self-supporting, and self-indexing. Slow-
speed, high-torque drill motors are needed. Spindle
speeds between 230 and 55C rpm at 9C-psi air pressure
seem appropriate for hlgh~speed drills, while speeds
up to 1600 rpm have been used for carbide drills,
Thrusts between 320 and 1CCO pounds are available on
some portable drilling machines.

Typlcal air-feed drill units include the Keller
Air Feed and Winslow Spacematic.

Drills and Drill Desiagn

The cholice of drills depends on the drilling
operation undertaken. A heavy-duty stub-type screw
machine drill is recomrended for driliing operations
on workpleces other than sheet. For deep-hole drill-
ing, o1l feeding drills, or a series of short drills
of various lengths, may be employed in sequence.
Aflrcraft drills like NAS 907 Types B, D, and E, are
usually used on sheet metal,

Drills having conventlonal drill geometry and
sperlal polnt grinds are used, This means a normal
hellx of around 29 degrees, just enough rellef o
prevent rubbing and pickup, a thinned web to reduce
drilling pressure, a corrsct polnt angle with its
apex held accurately to the centerline of the drill,
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and cutting }ips of the same slope and of equal
length. Special point grinds include crankshaft
nocch-t'pe drills, and split points with positive
rake notching, When thinning the web, be sure not
to alter the effectlive rake angle,

Figures 4 and 5 {llustrate typical nomencla-
ture for standard and NAS 9C7-type drills,

Drill iaterials

Conventional molybdenum-type high-speed steels
sre usually used in production. Cobalt high-speed
steels can give up to 50 percent more tool life:
however, thelr costs are 1-1/2 to 2 times higher
than standard high-speed steels.

Feeds

The philosophy of drilling titanium is to keep
the drill cutting. Never allow the drill to ride in
the hole without cutiing metal, The best technique
is to utilize a positive mechanical feed. Even assem-
bly drilling of sheet should be done with portable
power drills having positive feed arrangements, Hand
drilling can be done, provided sufficient thrust can
be applied to insure a heavy chip throughout drilling.

Drilling Speeds

Since the cutting zone is confined, drilling
requires low cutting speeds for minimum cutting
temperatures, Speeds should remain constant through-
out the course of drilling., This means an "over-
powered” drilling machine. Low-speed, high-torque
drill motors should be used for portable power drills.
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Cutting Fluids

Drilling titanium vsually requlres the use of
cutting fluids, Although holes in cingle sheets
with thicknesses up to two times the drill diameter
can be drilled dry: sulfurized olls, or sulfurlzed
lanolin paste, are recommended for low speeds and
for 4rills less than 1/4 inzh in dismeter. A good
coolant like roluble cil-water emulslons can be
used for the nigher drilling spereds, Cooling ac-
tion appears to be more 'mportant than lubricity.

A steady, full flow of fluld, externally ap-
plied at the cutting site, can be used, but the
use of a spray mist seems to glve better tool iife.
However, a two-diameter deoth l1imit seems to exist
for external applications. Hence, oil-feeding
drills work best for deep holes.

General Drilling Techniques and Inspection

When starting a drilling operation, the drill
should be up Lo speed as it advances toward the
work. Never start with a dull drill; and use a
triangular centerpunch to mark the hole location
on the part, Drill holes to size in one operation
whenever possible, Center drills, or undersize
starting drills, are usually not recommended. The
use of drill bushings is desirable for close-
tolerance holes.

The margin of the drill should be examined
perlodically for smearing in order to prevent over-
sized holes, Also look for possible breakdowns
that might occur at the outer corner of the lips.
An arbltrary drill replacement point should be
established to prevent work and drill spollage,

Chips should be removed at periodic Intervals
unless the cutting fluld successfully flushes away
the chlpse.
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¥nen drilling holes more than one-diameter
deep, retract the drill once for eszh half dismeter
of drill advance to clear the flutes. Retract si-
nltanecusly with the stop of the feed to minimize
dwell. FKe-engage drill quickly, but carefully,
wiuh the drill up to speed and under positive feed.

#¥hen drilling "through holes" do not drill all
the way through on a continuous ferd., Instead, re-
tract driil before breakthrough and flush the darill
and hole to remove the chips, Tten return drill
uncer positive feed and drill through carefully
avolding any "feed surge” at breakihrough,

All assembly drilling should be done using

portable, fixed-feed, jig-mounted drilling machines.
Hand drilling can be used, but the practical limit
appears to be the No. 40 drill., Above this di-
smeter, insufficlent feed 1s the result with con-
sequent heat bulldup and short drill 1ife. Further-
more, the high axlal thrust required to keep the
irill cutting causes rapid operator fatigue.
Another problem with hand drilling is the combina-
tion of high thrust and uncontrollable feed rate to
sroduce "feed surge” at breakthrough=-and possible
fractured cutting lips on the drill,

Drilled holes will require rezming to meet the
toleran:es of Class I holes, unless a bushing s
used Immediately adjscent to the part, Drilled
holes In sheet will prcbably require extit-side
deburring,

Operating data for drilling may be found
in Table 9.

Selected References on Drilling

(1) DiGregorio, A. E., "Drilling Machines", Faper
No. 398, Volume €2, Book 1, American Society
of Tool and Manufacturing Englneers (1962).
(2) Gunter, J. L., "Determination of Adaptability
of Titanlum Alloys: Volume III--Processes and
Parts Fabrication", AMC-TR-58-7-574, The Boeing
Airplane Company, Seattle, Washingion, for the
U. S. Alr Force under Contract AF 23(600)-33765
(December 1, 1958), AD 1560%8.
(3) Haggerty, W. A., "The Effect of Drill Symmetry
on Performance”, Paper No. 254, Volume 60,
Book 1, American Society of Tool and Manufactur-
ing Engincers

TABLE 9. DRILLING DATA FOR TITANIUM ALLOYS(a)

Type of Drilling

General Drilling and Deep Holes

Sheet Drilling

Machine tool

N7, MIC, M33, M34

Type high-speed steel drills
T4, T5

{AIST designations)

Radial driliing machine
Upright drilling machine

Air-feed drill units
Alr-feed-o0il check drill units

M1, M3 Type 2, M1O, M36
T4, TS

Drill types Standard twict drills NAS 9C7 aircraft drills(b)
Drill Geometry:
Helix sngle, degrees 29 25 to 28
Clearance angle, degrees 7 to 12 10 to 18
Point angle, degrees 118 or 135 135
wen(9) ? Thin web one-half
Type point Crankshaft or split point Split point
- Fanr
Drilling Diameter, irch
<1/8 0.0015 x
1/8 - 1/4 0.002-0.005 0.002-0.005
1/4 - 1/2 0.004-( .009 0.002-0.,009
Drilling Data - Speed, fpm(c)
Alloy and Condition
Unalloyed Titanium 40 to 80 40
Ti-8A1-1Mo-1V, annealed x 40
Ti-6A1-4V, annesled 30 to 40 30
Ti-6A)-4Y, aged 20 to 30 25
Ti-4A1-3M0~1V, annealed x 25
Ti-4A1-3Mo-1V, aged X 20
T1-13V-11Cr-341, anr-=aled 20 to 30 x
Ti-13V-11Cr-3A)l, aged 1% to 20 x

Cutting Flutds:(?)

Sulfurized oils {flocd applied)
Sulfurized lanolin paste
Water-soluble types (spray mist)

Sulfurized oils (flood applied)
Water-soluble types
Dry (single sheets only)

{a) From References 1 to 13 Inclusive, see pages 13 and 14 for listinj.
{b) For hand drilling - NAS 907 Type D with P-3 point and lip rate reduced to zero,
ing - NAS 907 Type B with P-3 point and lip rate reduced to zero.

E with P-2 point {dry).
) Use reduced speeds for deep holes.

(c .
{d) Sulfurlzed olls or sulfurized lanolin paste are recommended for low speeds an

fnch in diameter; water-soluble ccolants can be used for higjher speeds,
0il-feeding drills for deep holes,

two times the drill diameter can be drilied dry,

For fixed-~feed drill-
For fixed-feed drilling = NAS 907 Type

4 for drills less than 1/4
Holes in single sheets up to



14

.&) "Increased Production Reduced Costs Through a
Better Understanding of the Machining Process
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505D, Natlonal Aeronautics Meeting of the
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AD-TR-7-532a, Metcut Research Associates, Inc.,
Cincinnati, Ohio, for the U, S. Air Force
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ber, 1962).

Tapping Operetions

ntroduction

Tapping titanium s a difficult operation.
he limited chip flow inherent in taps, and the
evere galling action of titanium can result {n
oor threade, Improper fits, excessive tap seiz-
res, and broken taps, Titanium also tends to
hrink on the tap at the completion of the cut,

Tapping difficulties can be minimized by re-
ducing the thread requirements to %% to 6% peorcent
full thread,* and then tlarping the fewest threads
that the desion will allow, L[rsigners should also
avold specifying klind holes or through holes of
excessive lengths, In both cases, the chips are
confined and can cause roigh threads and broken taps.
Some relaxation in class-of-fit tnlerances also
shouild be considered,

The tagping opeoraticen, itself, requlres
sharp taps of modified conventional deslgn, low
tapping speeds, and an effective tapping lubricant.

Tapping Reguirements

Tapping Mazhines

A lead screw tapping machine is recommended to
insure proper lead, a regulated torque, and 3 uni-
form hole slze. Lead screw tapping heads should be
equipped with friction clutches, The clutch should
prevent tap breakage when galling occurs, since a
very small amount of smear may result in immediate
tap breakage,

Tapping machines should be rigid, accurate,
and sensitive, Machine tapping, unless done on 3
sensitive machine, can resul® in excessive tap
breakage and poor-quality work.

Setup Conditions

The setup cendltions for tapping should close-
ly parallel those for drilling, Hand tapping lacks
the required rigidity and is extremely slow and
difficult.

Taps and Tap Desian

Gun taps have keen used successfully, Chip
driving spiral point taps with interrupted threads
and full eccentric relief also have been success-
ful., Taps should ke precision ground and stress
relieved., Two-fluted taps are usually used for
5/16-24 roles ani imaller, while trree-fluted taps
are best for 3/¢ 16 holes and greater, and for
other tapping situations, Taps with:-2 flutes
normally do not give the support the three-fluted
taps provide,

If rutking Is encountered during tapping, it
may be decreased by:

Using interrupted threads witn alternate
teeth missing

Grinding away the trailing edge of the
tap

Grinding axial grooves in the thread
crests along the full length of the
lands

Employirg either crcentric or concentric
thread -ellef,

Taps should have tool anales suitahle for
titanium, This usually means:

A spiral peint a-le larse enoust to
allow chip flow ot of the hol« ahead
of the tap

*Sore companies, however, have s.ccessfully tapped
7, percent threals,




ottt ™

A relief angle large encugh to prevent
selzurv but not so large as to cause
Jamming when backing out the tar.

An eccentric pitch-diameter rellef
8lso can be used successfully

Sufficlent cutting rake to provide a
good shearing action

A chamfer of around 3 threads to provide
8 small depth of cut, A shorter chamfer
results in high torque and possible tap
breakage. A lonj chamfer produces long,
stringy chips which may jam the tap dur-
ing back-out operations, However, a
plug chamfer gun tap can te used for
shallow holes (holes less than one tap
diameter deep).

Figure 6 {llustrates the tap nomenclature referred

to above,
Strafght
cuteing face
Raxe angle
Curve!
cutting face
Kook angle

Cutting face

FIGURE 6. TAP NOMENCLATURE (6)

Surface treatments of the tap contribute to
successful tapping by reducing galling and i ~reas-
ing resistance to abraslon. Nitriding, oxide coat-
ing, or chromium plating have bren used successfully,

Tap Materials

High-speed steel taps are used, AISI-Tl for
tapping commercially pure titanium and AISI-MIO for
titanium alloys.

Size of Cut Requirements

Tre size of cut is determined by the chamfer
given the tap. The chamfer which produces small
chips without jamming the tap during the backing-out
phase should be used,

Tarping-Speed Requirements

It {s important to limit the tapping speeds t3
those shown in Table 10, as cutting torque increases
extremely rapldly beyond a certain threshhold speed,

The high-strength titanium alloys require low~
fr tapping sp.eds than the lower streagth alloys,

and much lower speeds than commerclially pure titan-
tum,

‘et
TABLE 310, TAPFING DATA FOR TITANIUM anoys'

Type High-Speed Steel: AISI-Tl, AISI-MI, or AITT-MIL

Type Hole Tapreds Through Hidrs
Hole Depth, tap diameters One or less >1 One or less >
2 GH~3 gun Splral Plug or Flug and,

Type Tap Used 9 bottom bottom' b

N.mber Flutes ‘
For %/16-;4 tap and smaller 2 3 4 4
For 3/8-1%6 tap and grester 3or 4 L} 4

Chamfer, numter of thresds Flug 2-3/«+3 - .-

Tocl Angles, dejress .
Spirsl point anjle - 1c-17 -- --
Spiral anjle .- 11¢ - -“
Relief angle .~ 2 to 4 .- -
Cutting rake anjle Standard 6 to 1C - -

Tapping Speeds, fpm
Unslloyed titanium - ?o 59 - _:
Titaniuv~ alloys - .C»;; -~ -
Ti-£A1-4V, anncaled .- 1¢-27 .- .-
Ti-6A1-aV, aged s LS Yl - -
T1-BAY-1¥o-1V, annraled 10«12 1012 - -
Ti<13V-11Cr-Mo, annealed .- 8-10 - -
T1-13¥-11Cr-Vo, aged .- 5./ - -
Cutting Fluids or PR fon Lhx? mmmeemen e 5

Tapping CoTpounia

{#) From Referentes L %o 7 inclusive, see pags i* fer Ilstiag,
(b) Whire no clearante exts*s, use plu) tap tirst to start threads,
then use bottor tap to chase threais,

Cutting Fluids

The selection of cutting oils and compounds
is extremely important because of the susceptibility
of taps to seizure,

and

The paste-type cutting compounds usually
glve the best results, wrile a heavily sulfurized
mineral oil is the next best,

Sulfurized oil, flood applied, is alsc satig-—

factory for tapping titanium. Soluble oils, however,
are usuilly considered most satisfactory.

General Tapping Techniques and Inspection

As 3 first requiremert, holes for tapping
should hase teen produced by sharp drills operating
under proper 4rilling conditions, Dull drills pro-
duce surface-hardened holes whic: will magnify
tapping difficulties. Sharp, clean taps must be
used at low tapplng speeds with recommended tapping
compounds and under rigid tool-work setups. A
stiff nylon brush pressed against the top of the
return stroke will help to remove chips and has
been reported to increase tap 1ife by at least 50
percent,

Where holes require complete threads close to
the bottom of the hole, a series of two or three
taps with successively shorter chamfers may be re-
quired.

Taps should be Inspected carefully after use
on six holes for possikble smearing of lands, These
smears may be hard to see, but if present, can cause
premature tap breakage and overslized holes., The
workplece also should be inspected for possible
lorn threads and dimensional discrepancies, It
should te rememtered that mnst tapping 1s done on
rarts which are BQ to 90 percent finished; hence,
scrap from tapping operatlons can be very costly.
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GRIMNDING TITANTIUM

Precision #heel Grinding

Introduction

Titanium and 1ts alloys can be ground at sbout
the same rate as hardened high-speed steels and die
steels, Moderately light cuts are recommend .d, and
perlodic dressings are required to keep the aheel in
proper condition. Excessive wheel loading leads to
poor grinding action and causes poor surface finish,
high residual tensile stresses, and low grinding
ratios,

Wheel wear can occur by attrition, which causes
flat spots on individual grains; by grain fractures,
which expose new and sharp cutting polnts and edjes;
and by bond fracture, which causes abrasive grains
to leave the wheel individually or in clusters.
These phenomena occur regardless of the material
ground, and the relative amount of each contrituting
factor depends on grindiny comiitions and the mater-
1al itself., Wear by the attrition that is associa-
ted with titanium’s chemical recactivity toward abra-
sives becomes excessive only when titanium is
ground improgperly.

Loading, a phenomenon by which a metal being
ground 1s deposited on or between the abrssive
grains, or both, can cccur wiether the wieel s
sharp or dull, althoug® du.1ling will intensify the
1oading process, As loading continuecs, the grind-
ing action decreases urtll burnlshing occurs. Then
the grinding temperature rises znd causes high
residual tensile stresses in the greund surface and
generally an unsatisfactory surface finieh,

Titanium can crack when ground under the con-
ditiors normally used for production steelis, Under
proper grinding conditions for titanium, lwowever,
grinding cracks are no lenjer tie problem the: e
when alloys were not of the present high qual .
Also, when etchirg solutions that contain hyiro-
fluoric acid in the presence of insufficient nitr!
acld are used to reveal cracks, they may cause
cracks to for~ 1f sufficliently high tensile stresses
are precent Initially in the surface.

Smearing 1s sometimes noticed on ground titan-
fum surfaces, W#eel loading Is the primary cause
although setup rigidity, whe~l speed, and wheel
characteristics all contribute,

Grinding difficulties can be minimized by em-
ploying the proper type wheels at low wheel spreds
and feeds, and by flooding the grinding area with
inhibltor or purging types of cutting flulds, Grind-
ing temperatures must be xept low to keep stresses
1cw,.

If a cholce of finish-rachining metrods exists,
serious considerations should be given to turning,
boring, or milling operations -ather thaa grinding.
These operation require less t!me than does grind-
ing and glve excellent surface finlshes,

Grinding Reguirements

Titanium and titanium alloys have similar
arinding characteristics except that the former may
give a little better wheel life, In both cases,
there 1s a very limited operating rangey hence,
care must be taken to establlsh rather precise
grinding conditions.

Equipment and Set.p

The following recommendations are suggested in
order to provide the good grinding condltions needed
for titanium:

High-quality grinders with variable-speed
spindles

Rigid setup of work ani wheel

Rigid mechanical holding fixtures

Arbors for exterra! 7arinding

Cxldized machine centers to prevent gatling
of small parts

Backing whenever necessary to cvercome
deflection of the work,

Seloction of Grinting Wheels

#Wheel arades stould be chosen using the follow-
ing suggestions as g.lies:




The largest piactical dlameter and width
of wheel should b sed

L1
Grlts should possess the characteristics
of progressive Intergranuler chipping
as flat spots developed by attrition

The abrasive grain should be of optimum
size; smaller slzes allow whole gralns
to leave the whesl prematurely, result-
ing in higher wheel wear

Use the hardect wheel that will not cause
burning or smearing

Vitrified materials are test in that they
are more porous, permit hetter swarf
clearance, and resul? in grinding at
lower temperatures,

Tatle )1 contalns data on the above Infornatior
and can be used when ordering grinding wheels.

Grinding Wheels Used

Silicon carbide wheels seem to be preferred
for producing the best surface flnish, On the
other hand, aluminum oxide may qive lowest residual
stresses in the workplece because they are used at
lower speeds.

Downfeed Requirements

In contrast to other metal-cutting methods for
titanium, light feeds are required for all abrasive-
wheel operations to produce parts with low residual

Grinding-Creed hegq.dremnnts

Whnel spe:ds of 4000 sfpm &re used with
si {con carblde wheels and sulfochlorinated olls te
produce a good combination of surface finish and
dimer.sional tolerance with relatively low residual

- stresses.

Lowest residual stresses in a greend titan-
fuvm surface are produced at low wheel speeds (180
sfpm) using aluminum oxide grinding wheels and rust
inhibltor-type cutting fluids,

Grinding Flulds

The selection of a grinding fluld is very
important since the application involves not only
cooling but also inhibiting the surface action Le-
tween titanlum and the abrasive wheel., Titanium an
its alloys should never be jround dry. Dry grinding
results in excessive residual stresses in the groun
part in addition to the fire hazard that is present
from dry titanium metal dust.

Water alone 1s not suitable, and ordinary
soluble o0ils do not produce good grinding ratlos,
although they do reduce the fire hazard of grinding.
(See Table 12 for suitable grinding fluids.)

Flulds should be filtered to remove grit and
prevent "fish tail” marks on finished surfaces,
Flulds should be changed more often than is custo-
mary when grinding steel,

stresses, Downfeeds of 0.0005 to 0.0010 ipp are rot
unusual,
TABLE 11, CHART OF MARKINGS CN GRIMNDING WHEFLS
Atrasive
Simiols'd) Grit Size ,
Stlicen Aluminum Very Grain ¥heel Grade Structure Manufacturer
Carbide Oxide Coarse Med. Fine Fine Combination Soft Med. Hard Dense Med, Open Bond Types Symbols
5C A 10 A 0 ~V=vitrified | Modific t%or
6C 2A 12 36 90 240 1 Coarse B 1 5 9 { R=rubber of bondlb
CA 974 14 46 100 2980 | 2 Cc 2 6 10 | Beresinoid
C2A LY 16 54 120 320 |3 D I 3 7 11 E=shellac See manufac-
2] 9A 20 60 150 400 14 E J 4 8 12 | M metal turer's
7c 24 70 18 500 |5 F K 13 | S=silicate brochures
30 80 220 600 6 G L Q 14
7 Fine H M R 15
N S 16
0] T
P U
v
w
X
Y
F4
A tyrical - _L_ .
marking <A 6C 1 - K 6 VL
sequence
(a)

Description of Varlous Grades of Silicon Cartide and Alumlinum Oxide Abrasives

C - Silicon Carbide

A = Alu~inum Oxide

5 - Green Silicon Carbide A = Tough Aluminum Oxide
6C « Black Silicon Carbide 2A ~ Semifriable
CA Mixed Aluminum 97A

F kle
m2A) COxide and aA riable
C4A) Silicon Carblie 9A =~ Very Friable (white)
7C - Mixed Silicon Carbide

Consult otrer manufacturers for competitive desianations,

{a? Cincirnnati M{lling Machine Company nomenclature,
(b) Some manufacturers also add a number designating

whether .he wheel grade 1s elther exact, 1/3 softer, or
than the better grade iadicated (K in the exzmple shown) .

1/3 harder



TABLE 12, PRECISION GRINDING OF TITANIUM AND 7S ALLOYS
Abresive
Material (o) $1lcon Carbide Aluminum Cxide
Abrasive
Typest Reguler, green Specis]l Fristle, white
Crit Sizes Medium (60-80) Modtum (60-8C)
Wheel Grade
(Hordness)s Modtum (J-X-L.M) Medium (KeL-M)
Structuret Medium (8) Madium (8)
LY Vitrified (V) Vitrified (v
Operotlun»(c) Roughing  rFinlshing Roughirg Finlshing
Dows Feed, (g} {e)
1pps 0.001 ¢.n008 %7 o.001 0.00CS 0.000% ¢
Feed  cires Feed, 0,062, C.005 1y €05 €10 .08
tncha 0.0%' '+ ©.025
Table,
ipm 300-%C0  3C0-%0C 000 300500
Speeds Wieel,
sfpmi 25004000 250C -40C0 1800-200C 1800-24C0

Highly chlorinated Rust-inhititor typea'd)
oils or sulfochlori~ present no flre hazard;
nated olls (do not olils used for silizon
dilute;t possitle cartide wheels also have
fire hazardy terce been used with very 11t-
flood the work le fire hazard, since
the low speeds involved
genergte very 11¢t]e
sparxing and oll mise

Grinding Flulls:

{a) Equipment constderatiors are primary in strasive selection, If
only conventional spesds sre acallatle, then generally alumirce
oxide s not recomnended: {f low speeds asre aveailatle, then
slurlnum oxide 1s superior.

(b) Particular modification of vitrified bond does not seem to mat-
ter with titanium,

(t) Type wheels which have been used include 17CBC-LBV and 32440-
LBYBE.

(d) For surface firishes better than 2° microlnches rms, the down-
feed should bte less than C.CO2 ipp on the l8st pase,

(&) The last C.003 fnch should te revoved in ster no® to exceed

0.0C0% $pp. The final two passes should be 8y zero depth,

Recommended for B-l120VCA using green silicon-cartide wheels,

10:1 and 271] concentration of potassium nitrite have heen used,

The opersting sdvantajzes of the latter arpear to offset the

slight increase of grinding efficlency of the former,

~——

Grinding Techniques and Inspection

Grinding operations should be supervised and
controlled very carefully, The recommended proce-
dures should be followed without substitution.

When the grinding procedure used i{s question-
able, quick checks to indica‘e possible surface
cracking can be made by dye and fluorescent pene-
trants or etching to indicate surface cracking.
However, none of these tests will indicate surface
damage which does not involve cracking.

When a l-minute etch with 10 percent HF is
used to reveal cracks, care must be taken. Improper
etching treatments and etching solutions can cauce
cracks, since surfaces already may ke damaged by
residual tensile stresses too small tc cause cracks
initially,

Each operstion should be Inspected to insure
that it i{s performed with due regard for the safety
of the perconnel involved.

Wheels used to yrind titanium and its alloys
must be dressed more frequently than those used to
grind steels because of the tendency cr titanium to
load the wheel, This causes higher temperatures at
the wheel-metal interface, thus tending to produce
surface cracks and In some cases to burn the metal,
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Some ground parts must be stress relieved by
heat treatment prior tc final dnspestinn, A comon
stress relief {s %o heat the part et 1000 F for 1
hour in 8 neutral atmosphere to avold contaminstion.

Data on speeds and feeds for both silicon car-
bide and aluminum oxide grinding wheels are shown
in Table 12,
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Abrasive Belt Grindina

Introduction

An unusual combination of chemical and physical
properties makes titanium more difficult to grind with
abrasive belts than most common metals., The surface
of titanium may tecome hardened by reaction with oxy-
gen and nitrogen in air at the high temperatures ex-
perienced in grinding. At the same time, the metal
tends to weld to the abrasive grains of the belt,

The ultimate result is poor belt life--either through
an accelerated fracture rate of the abrasive grains
or through rapid dulling as the cutting edges be-
come "capped” with titanium, “Capped” grains func-
tion 8s flat bearing areas which slide over the ti-
tanium surface, creating adcéitional frictional heat
without accomplishing any useful cutting, This
characteristic, combined with the low thermal con-
ductivity of titanium, freoguently causes .urning

of the ground surfaces.



Successful grinding ot titanium with abrasive
helts depends on minimizing the oxygen and nitrogen
veaction and also the tendency for welding. Both
cér be accomplishad by lowering the termpersture at
the grinding point through adequate conling and by
uzing 8 grinding fluld which will inhibit the chem-
1cal reaction between the abrasive and titanium,
Successful grincing also requires controlled "frac-
ture wear” of the sbrasive grit {n order to supply
constant sources of fresh cutting edges durlng
grinding. This can be promoted through the proper
cholce and comhination of abrasive materials, grit
size, contact wheel, belt speed, and work feed,

Titanlum sheet can be belt ground to close
dimenslional tolerances. Bclt grinders have pro-
duced flat surfaces with only 0.CC4-inch maximum
deviation over areas up to 36 by 36 inches. The
cost of grinding titanium {s estimated to be 6 to
10 times that for stainless steel.

General Grind'ug Recommenzations

Equipment and Setup

The carrier-type machine is usually used in
the abrasive belt grinding of sheet., The work is
held on a table that oscillates back snd forth
under the grinding belt., A Billy-roll directly
under the contact roll maintains the pressure
between the work and the belt,

Machine rigidity {s important for achieving
close dimensional tolerances.

Selection of Abrasive Belts and Contaczt #heels

Avrasive size, belt backing, and type of btond
are important factors to consider when choosing an
atrasive belt.

Roughing and spotting operations are normally
carried out on belts coated with medium- or fine-
grain abrasives (40 to 80 grit): Grit 8C is slightly
superior to Grits 40 and 60. Extra-fine-grain abra-
sives (Grits 120 and 220) are used for finish belt-
grinding operations,

Three types of belt backings are used for asbra-
sive belt grinding titanium. They include paper-
backed, cloth-backed, and fully waterproof cloth-
backed belts,

Paper-backed bvelts, used dry or with a suita-
ble grinding oil, can be used for some flat sheet
work. Cloth-backed belts are used when a more rugged
backing is needed. Fully waterproof cloth-backed
belts are necessary when water-base grinding flulds
are used.

All belts are usually manufactured to close
tolerances on thickness to permit grinding to pre-
cise dimensions.

Synthetic resin bonds provide maximum durabil-
fty for belts used on titanium., They are available
on either a waterproof or nonwaterproof backing.

Abrasive Belt Materials

Coatirgs of silicon carbide give the best
results under normal feeds. These belts must
possess 8 dense texture (closed coat). Aluminum

oxide abrasive belts r»re usvally recommended when
very heavy feeds are used,

Proper cholce of contact wheels is also impor-
tant in belt grindiny., These wheels support the
belt, and hence, gove'n the action and effective
penctration ef the sbrasive grains during the grind-
ing cvperation. Tnis action has been termed "aggres-
sivenese”--or the ability of the wheel to mske the
belt cut,

There are two types of contact wheels in use;
plain faced and serrated. A plain-faced wheel puts
all the sbrasive wear on one plane and produces 3
flat ground surface, A serrated contact wheel has
8 series of lands end grooves angled across the
wheel, This arrangement gives the unique effect of
"sharpening” the mineral grazins as they undulate
over the face of the wheel. The 1elationship be-
tween the lands and the grooves--and the angle at
which they cross the face of the wheel--dotermines
to a great extent the cutting rate of the wheel.

Floin-faced wheels are norme'ly used for titan-
ium when unit pressures are high cnough to foster
the necessary breakdown of abrasive material for
best grinding action, They usually produce a better
surface finish than do most serrated wheels, They
minimlze extreme shelllng* or mineral loss problems.
They 8lso permit off-hand grinding and polishing of
curved and contoured parts,

The contact wheel should be small in diameter
and as hard as practicable. This combination pro-
vides almost a line contact, and hence, a high unit
pressure between the abrasive grits and the work.

Suitable contact-whee!l materials for titanium
include rubber, plastic, or metal. Rubber is usual-
ly recommended because metal contact wheels show
1ittle significent increase in stock removal and
grinding rate at the price of considerable noise,
vibration, pcorer surfeces, and hizher power con-
sumption,

Rubber contact wheels are avallable In various
degrees of hardness, measured in terms of durometer
units. These values may range from 10 (sponge rub-
ber) to about 100 {rock hard). The softest rubber
(other than sponge) has a value of 2¢, The harder
the contact wheel, the faster an abrasive belt will
cut and the coarser the surface finish becomes.
Softer wheels produce better surface finishes. How-
ever, even soft wheels become effectively harder as
spindle speeds increase, and they present more sup-
port to the belt., Softer rubber wheels can be used
for blending and for spotting operations to remove
1solated defects.,

The best contact wheel 1s one which is firm
enough to give restricted contact and good penetra-
tion by the grit hut resilient enouah to eliminate
shelling failure of the belt at the highest feasible
load.

Feed-Pressure Requirements

The correct feed should allow the necessary
"fracture wear”" of the grains, proper "shelling” of
the belt, and effective graln penetration for an
economical rate of cut, Under these conditions,
metal particles wlll not clog the belt, and the
continual formation of new cutting points on the
grains will permit uniform stock removal,

#Shelling 1is the tendency for the abrasive grains on
the abrasive belt to loosen and flake off.,
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Feeds should be held constant to give the best
dimensional tolerances. When feed prcseires ¢re in-
creascd, 1t may be sdvisoble to use 8 soiter contact
wheel ,

Feed pressures between B9 and 120 psi have
been ueod. Aependir~ ~~ the spes-.

Grinding-Speed Requirements

Speed is important to the rate of cutting,
belt 1ife, and desired surface finish., Low belt
speeds reduce temperatures at the grinding point and
consequently retard oxldation &nd welding betusen
the metsl and abraslve gra2ins., The tendency toward
surface scorching or marring by incandescent <hips
1s alec reduced.

The optimum speed to be chosen will depend on
the contact wheel, grit size, and work thickness.

A definlte correlation exists between optimum
grinding pressure and belt speed. Hlgher speeds re-
quire less pressure and vice versa,

Grinding Flulds

Lubrication is a most significant factor in
abrasive belt grinding. Dry grinding, except for
certain intermittent operations {blending, spotting
etc.), 1s not recommended because of the fire haz-
ard,

A grinding fluid should be used when taking
continuous cuts over falrly large areas. It re-
duces grindinjy temperatures and quenches the in-
tense sparking that occurs when titanium 1s ground.

Because of the extremely hot sparks formed by
titanium, only those grinding oils possessing high
flash points (above 32% F) should be used. They
should be applied close to the yrinding point for
rapid spark quenching,

Chemically active organlc lubricants may prove
superior in finishing operations, provided the fire
hazard can be minimized.

With waterproof belts, water-base flulds con-
taining certain inorganic compounds and rust inhibi-
tors give good results., They reduce the fire hazard
of titanium dust. Aqueous-solution lubricants seem
to give the best performance in grinding setups
where high loads are used (stock-removal operations).
The following water-base fluids have been used:

Sodium nitrite (5 percent solution)
Potassium nitrite (5 percent solutlon)
Sodium phosphate* {up to 12 percent solution)
Potassium phosphate* (up to 30 percent solution),
Soluble 04l emulsions in water are normslly
poor grinding flulds for titanium but can be used

where the alternative is to grind dry at speeds
greater than 1500 fpm.

Grinding fluids can be applied by spraying or
by belt-immersion techniques,

*The phosphate solutions are qulite caustic asad are
excellent paint removers. The more concentrated
solutions, however, are not much worse than the 5
percent solutions in these respects and are consig-
erably more effective as grinding lubricants,

Grinding Techniques and Insnection

The same inspection procedures recommonded
for wheel grinding epply elso to belt grindlng.

Table 13 summarizes the nertinent Jats ze-
quired for the akrasive belt grinding of titanium
and 1ts &lloys.

TABLF 13, ABRAZ"y. BELT GRI'DING OF TITANIUM &3D YIS ALLOYS

Grirding Cperation
Spotting &n7 houghing

Belt Cherazteristics Fintehing

Abrasive Grit Stze 4c to B2 20 %0 eev
(1=1/2 42 1,0} (3/0 to 6/0)
Belt Backing E {peper) E (paper)
X {eloth) X {cloth)
(o) {e)
Coating Texture Closed Closad
Bond Resin Resin
Grinding Variatles Spotting Rouqghing Flnlihlng(b)
Grit S1zel®’ 4¢ to 80 126 to 220
(1-1/2 to 1/8) (3/0 to 6/0)
Speed, fpn 1000 to 1506 1300' to 2200 1%00(®! to 2200
Feed, pst - 120 to 80 120 to BC
ODeprh of Cut, inch - 0.002 0.002
Table Speed, fpm - 10 1c
Srinding Flulds No Yes Yes

Iype Grinding Fluids:
For Pesper fSelts Hesvily sulfurized chlorinsted olis (flaex

point: 325 F or hijher).

A 10 percent nitride amine rust inhititor ~ wet-
or :oluti?n or 8 5 percent potassium nisrite
solution.le)

Fifteen per-ent solutlions of trisodium or potas-
sium phosphate also have bteen used,

For Cloth Belts

Ta; Preferred.

(b) In finishiny operstions with fine 3rits, 8 l1ight pressure is requir-
ed to prevent shelling., A dull Lelt {but cutting well) often pro-
duces a finer finish than o new, sharp balt of the same grit,

Fine grits tend to fsil by shelling at pressures which ccarser grits
will easily withstand,

Feed pressure is inversely proportional to speed,

Wen using potassiom nitrite, follow safety precastions descrited
previously.

)

(d}
(el
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Chemical-Milling Cperations

Introduction

—

Chemical milling generally refers to the shap-
ing, machining, fabrication, or blanking of metal
parts by controlled chemical dizsolution with suita-
ble chemical reagents cr etchants, The process is
somewhat similar to the etching procedures that
have been used for decades by photoengravers, ex-
cept that the rates and depths of metal removal are
usually mulh greater for chemical milling,

Much of the earlier work was carrled out on
sluminum parts for the aircraft industry. It was
found that chemical milling could save labor,
time, and materials, and also provide increased de-
sign capability and flexibility in fabricating
parts for advanced alrcraft and space missiles and
vehicles. During the last 3 or 4 years, there has
been an increased amount of interest in utilization
of chemical milling for the production of parts of
titanium, and of high-strength, high-temperature
metals and alloys. Some of the technical informa-
tion on procedures, solutions, and technlques are
of a prgp;&e}g;y nature, and have not been dis-
closed, » 9

Chemical milling is particularly useful for
removing metal from the surface of formed or complex-
shaped parts, from thin sections, and f.om large
areas to shallow depths. The weight saving is es-
pecially important in alrcraft and space vehicle
design. Metal can be removed from an entire part,
or else selectlve metal removal can be achieved by
etching the desired areas, while the other areas
are protected by a mask from chemical attack. Taper-
ing, step etching, and sizing of sheects or plates
can be done readily by chemiral milling. The amount
of metal removed or depth of etch is detormined by
the time of immersion in the etching solutions.,

Processing Procedures

The chemical-milling processing procedur» con=-
sists of four general operations or steps, namelys

(1) cleaning (or surface preparation), (2) masking,

(3) chemical etching or dissolution, and (4) rinsing
and stripring, or removal of the mask, The masking

and etching operations are probably the most criti-

cal for successful chemical-milling work,

Cleaning

Cleaning of titanium alloy surfaccs is usual-
ly done by conventional methods, such as wiping with
8 solvent-dipped cloth, vapor degieasing, and alka-

*CHEM=-MILL is the registered trademark of North
American Aviation, Inc,, which has granted Turco
Products, Inc., Wilmington, California, the ex-
clusive right to sublicense other firms to use
the CHEM-MILL process.

##"Chem=Size" refers to & proprietary chemical dise
solution process developed by Anadite, Inc.,
South Gate, California, for improving the tol-
erances of as-rolled sheet and plate, ¢ad of
parts after forming.

#%wMCien=Tol™ refers to the proprietary chemical disw
solution process developed by the United States
Chemical Milling Corporation, Manhattan Beach,
Califarnia, for production of sheet material and
parts to close tolerances.

line cleaning to re.wve all dirt and greace, Where
scale, oxidstion products, or other forelon materi-
al are firmly attached to the surfaces, acid pickl-
ling or abrasive cleaning might be neceded to pro-
duce a clean surface. Thorough rinsing followrd by
drying completes the cleaning operation. Failure
to properly clean titanium surfaces will cause
masking difficulties and uneven attack of the

metal by the etchant solution.

Masking

Masking for titanium alloye involves the appli-
cation of an acid-resictant coating to protect those
part areas where no metal removal 1s desired, The
mask is usually applied by either dip, spray, or
flow-coating techniques. The particular method em-
ployed depends op part size and confijuration,

Vinyl polymers(ly are frequently used because of
their ability to hold up well against the oxidizing
aclds generally used in the titanium etchant solu-
tions, Multiple ceats (three or more) are used to
get sufficient mask thickness and good coverage. The
mask coating is usually cured by baking at about
250-300 F for about 1 to 2 hours to improve its ai-
hesion, tensile, and chemical-resistance properties.

Other desirable characteristics of a aood mack
material are: (1) suitable for accurate pattern
transfer on contours and complex contigurations: it
must maintain straight lines in the etched design,
regardless of its complexity, (2) gocd scribing
qualities, (3) easy removal after scribing to pre-
sent clean surfaces for etching, and (4) good strip-
ping after etchinag to yleld clean surfaces for pos-
sible subsequent processing,

The patterns on the masked workplece are us:al-
ly applied by means of templates, followed Ly sorib-
ing and then manual perliny of the mask from the
areas to be etched,
plied to metallic workpieces by silk-screen tech-
niques and by use of photosensitive resists, These
procedures are generally utilized on jobs where fine
detail and shallow cutis are required,

Etching

A good chemical-milling solution should be
capable of removing metal at a predetermined and
uniform rate, without adversely affecting dimen-
sional tolerances and the mechanical properties of
the workplece. Pitting, uneven attack of the work-
piece surface, or production of rough surface
finishes, are all detrimental features of an etchant
system,

The more comronly used etchants for cherical
milling of titanium allovs are agqueous solutiens
containings (1) hydrotluoric acid, {2) hydrofluoric
acid-nitric acid mixtures, and (3) hydrofluoric
acid-chromic acid mixtures, The exact solution
compositions used are proprietary. In addition to
the main components given atove, the solutlons
usually contain special additives to enhance their
etching characteristics, The presence of dissolved
titanium in etchant solutions also helps performance.

Etchant solutlions are usually circulated over
workplece surface in order to promote uniform disso-
lution, Parts also are periodically moved, turned, or
rotated to achleve uniform metal removal over the
entire surface. Careful solution-composition control
and temperature control must be maintained in order



to obtaein uniform snd predictabl. rates of motal
removal,

Typlcal productica tylsrance. fo chomicsl
milling ere 0,002 inch.(~) To this mist be edded
the sctual raw-stock tolercnce prio. to chemical
milling, The following figures can be uscd ge &
guide to dﬁpth-of-Cut limitations for chemical
mi1ling:(2

Sheet and plate 0.%00-inch maximum depth/surface
Extrusion 0.150-1nch maximum depth/surface
Forging 0.250-inch maximum depth/surface.

Because chemlical etching proceeds sldeways at about
the same rate as dewn, the minlmum widths that can
be machined are about three times the etch depths,

Etching rates for titanium slloys range from
about 0.5 to 5.0 mils/min. Typical industrial pro-
duction rates are about 1,0 to 1.5 mils/min., A
comparison of the performance characteristics of
etching systems for milling titani?m aluminum, and
steel alloys 1s given in Table 14, 3 Typical sur-
face finishes currently being produced on titanium
alloys by chemical milling range from about 15 to
50-rms microinches.,

TABLE 14, COMFARISON CF DATA A'D OHARACTERISTICS Of SY"TP'S FCR CHEMICAL

MILLING TITANIUM, ALUMI'A'M, AND STEEL AU.C'VS('/

Item Titanium Alloys Steels Alumirum  Alloys
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Principal Resctants Hydrofiuoric acid Hytrochlerlc acld-
nlteic actd

Sodjum hydroxide

Etch Rate, mils/min Ceb to 1.2 G to 1.2 U8 to 1.2
Cpitmum Etch Depths 9.128 0.128 0.125
Et;hlnt Temperasture, 11%4% 14545 19535
oo e
Adveraje Surface Finleh, 45 to 15¢ 0 te 120 80-120

s micreinches

(a) Data sre from Sanz ar+ Shepreri, 3

Rinsing and Stripping

After the parts are ccmpletely etched, they
are thoroughly rinsed with water. The mask i{s then
either stripped by hand or immersed in a solvent
tank to soften the mask and facilitate its removal,

Effects on Mechanical Froperties

The general feeling iIs that chemical milling
{providing good uniform metal dissolution is
achieved; 1l.e., no intergranular attack, selective
etching, or pitting) does not adversely affect the
mechanical properties of metals, Published datas on
those effects are rather scarce and more such data
are needed.

Published results from tensile, compressive,
and shear tests showed that chemical milling had no
significant effect on thfsi mechanical properties
for the Ti-6A1-4V alloy. 3) Chemical milling also
had no significant effect on ?hg tensile properties
of 5A1-2,55n titanium alleys.(3

Hiner(d) showed that chemical milling did not
effect the tensile propertles of heat-treated Ti-
7A1-4Mo alloys, See Table 15,

TABLE 15, TENSILE PROPERTIES OF CHEMICALLY MILLED
Ti-7A1-4¥o ALLOYS(8,b)

Amaunt

Removed Ultimate Elonga-

From Yield Tensile Reduction tlon,
Diamster, Strength, Strength, 1in Area, percent

inch psi psl percent ind4D

Controls 182,000 162,750 30,0 10
0.005 180,7%0 191,000 31.9 10
0.014 181,500 191,500 34,9 10
0.040 18¢,5%00 196,500 31.9 10

(8) Data are from Hiner.'4/

(b) Longitudinal klanks were cut from Ti-7Al-4Mo
forged stock and heat treated to 190,000-psi
UTS. The blarnks were then machined into stand~
ard 1/4-inch-diameter tensile specimens, Al-
lowance was made for removal of varlous amounts
of material by chemical milling to permit uni-
form speclmens at time of testing.

A Ryan Aeronautical Company report(s) glves
results of fatique tests on 6Al-4V and A-110AT (5Al-
2.55n) titanium alloys. Chemically milled speci-
mens, on the average, showed slightly better fatigue
1ife than the as-recelved material. On the other
hand, Sanz and Shepherd{3) cite fatigue test
(reversed-cantilever bending) results on SA1-2.5Sn
alloy (A-110AT) sheet indicating that chemical mill-
ing increased the hydrogen content of this alloy,
and reduced the fatigue strength slightly., Subse-
quent vacuum annealing of these parts reduced the
hydrogen to a low level and increased fatigue
strength significantly.

Hydrogen Pickup During Chemical Milling

Titanium alloys are susceptible to hydrogen
pickup during chemical milling. The more important
factors governing the amount of hydrogen absorbed
are: composition and metallurglical structure of
the titanium alloy, etchant composition, etchant
temperature, and etching time. The amount of hydro-
gen absorption is related te the amount of beta
phase present in the alloy. Results of various
studies on hydrogen pickup are discussed below,

The susceptibility of various titanlum alloys
to hydrogen embrittlement during chemical milling
in an HF-HpD=chromic acid bath was Investigated by
Jones.(6) Batn composition was as follows:

Hydrofluoric acid {(HF)
Water (H20) 77 percent by volume
Chromic acid 125 grams/liter

Bath temperature was 140 F, and etch rate was 1.0
mil/min, Of the three titanium alloys studied, the
beta alloy, Ti-13V-11Cr-3Al, was most severely em-
brittled, The alpha-beta alloy, Ti1-6A1-4V, showed
some minor embrittlement, whereas the alpha alloy,
Ti-5A1-2,.55n, was not embrittled. Elevated-
temperature vacuum treatments were necessary to re-
store ductility to the Ti-13V-11Cr-3Al alloy. Be-
cause of the minor embrittlement, as shown by bend
ductility, no embrittle~cnt-rellef treoatmente weore
evaluated or deemed necessary for the chemically
milled Ti-6A1-4Y alloy.

23 percent by volume




Guerin, Slomiak, and Schnﬁ!der(7) reported
that considerable hydrogen plckup was ohserved in
experimental Ti-tAl-lMo-lV parts, chenlcal milled
at an etching rate of 1 mil/slde/min at a tempera-
ture of 180 F,
acid, chromic acid, titaniun powier, and dedecyl
sulfonic acid. The hydrogen contents before and
after are tabulated below:

Hydrogen Content,

Material pnn
As-hecelved Sheet a0
Chemically Mille? Frem C.C40 to 360

C.03C-Inch Thickaess )
Chemically Milled From 0,C4C to .
63%

C.010-Inch Thickness

The authors indicated that MIL specifications for
Ti-8-1-1 alloy allow a maximum 15C ppm, co they

would automatically reject these sheels,
hydrogen pickup was attributed to operation at the
high 180 F temperature,

ating at 115 F, Further studles tc cope with the
hydrogen pickup preblem were in pregress at the
time the report was written.

Boyd(s) has reported the findings of various
studies on hydrogen embrittlement of titanium al-
loys chemically milled in hydrofluoric acid-nitric
acld soluticns, The hydrojen pizkup was closely
related to the HNC3-HF ratlo in the bath., OCne

study showed that by maintaininz the INCa concentra-

The soluticen contained hydrofluoric

The large

Howover, low etching rates
of 0.1 to 0.2 mil/side/min were obtained when oper-
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Selected Refrrences on Chennical «

¥illing Operations

(1)

(2)

(3)

(4)

(5)

(6)

tion atove 20 percent with 2 percent HF present, the

hydrogen piskup could be held to lecs than 20 ppm
for many of the comonly used titanium alloys.
tlowever, other Inveagtizators report<d contrary or
different results,

The CHEM-MIIL Desian Hanua1(2) regorts that
hydrogen embrittlem:nt 1s not a serious problem
when chemically miliing the Ti-2Mn alloy, so long
as the initial content is kep: below BC pprm and
the part is milled from one side only to a depth
not to exceed one-half of the original thickness.
It also indicates that with the exception of the
all-beta alloy, Ti-13V-11Cr-3A1, none of the other
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controlled titanium etchant has no adverse effects
upon the physical properties of the alloy reing
milled. Surface finishes are consistently good,
falling in the 30- to 40-rms-microinches range,

The work discussed above indlcates that hydro-
gen plckup can be a problem in the chemical milling
of certain titanium alloys (especially all-beta al-
Addition-

loys) under certaln operating coniditions,
al research or develcpment work 1s needed to:

(1) define and understand the hyirogen plckup prob=
lem, {2) minimize hydroyen pickup bty development of

better rtchant solutions ard operating conditions,

and (3) develop suitatle Laking or vacuum outgassing

rocedures for embrittlemens relief,
4
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Hiner, J. M., "The Effect of Chemical NMilling
on Tensile Ductility of Heat Treated 7Al-4No
Titanium Alloy", Report lio. A-433, Menasco
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Guerin, R, L., Slomiak, S., and Schneider, S.,
"8-1-1 Titanium Alloy--Machining--Assembly--
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