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Feed rate ipr inches per revolution 
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Introduction 

The machining of nickel and nickel-base 
alloys can be readily accomplished 
providing fundamental principles affecting 
their machinability are understood and 
taken into consideration. Compared to 
other materials, the most significant 
characteristic of nickel alloys is that they 
are usually much stronger at metal cutting 
temperatures. Consequently, powerful 
and rigid machines provide the best 
results and often are essential for 
successful machining. Corollary to these 
property and machine requirements is that 
tooling be selected to minimize cutting 
forces, to have maximum edge strength, 
and to withstand the highest possible 
cutting temperatures. 

In addition to an appreciation of the 
basic properties of nickel alloys them-
selves, of paramount importance to 
successful machining is an understanding 
of basic principles that come into play in 
relation to the particular alloy, and the 
method of machining or tooling 

that is employed. For example, tooling 
which is optimum for the annealed 
condition may not be the best choice for 
hardened material. 

In recent years there have been a 
number of advances in cutting tools and 
methods applicable to the machining of 
nickel alloys. This publication gives an 
overview on machining nickel alloys using 
traditional methods and describes the 
advances that have been made. A number 
of very good and useful guides and 
reference books on the machining of nickel 
alloys have appeared over the years. They 
are listed in the References and should be 
consulted for detailed information on 
machining conditions. The information in 
this brochure is based on the experience of 
producers and users of nickel alloys, and 
suppliers of cutting tools. This information 
should be considered only as a starting 
point in developing a machining program 
which then may require optimization to suit 
specific conditions. 
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Nickel alloys and machinability 

Nickel alloys are used primarily in appli-
cations involving electrical properties or 
requiring good corrosion resistance or 

high strength and oxidation resistance at 
elevated temperatures. A great many 
alloys exist to meet these demanding 

Table I Nickel alloys grouped according to machining characteristics. 

Group Group Characteristic Alloy UNS # Ni Cu Fe Cr Mo Co AI Ti Nb Other 

 Alloys containing essentially nickel for caustic alkali chemical Alloy 200 N02200 99.6        C 0 08 
 and electrical applications. Lowest strength and work Alloy 201 N02201 99.6 C 0.01

A hardening of the nickel alloys. Exhibits gummy behaviour in Alloy 205 N02205 99.6        Mg 0.04, C 0.04
 the annealed condition; hardenable only by cold working Alloy 212  97.0        Mn 2.0, C 0.05 
 which provides the best condition for machining. Alloy 222  99.5        Mg 0.075 

  Alloy 400 N04400 66.5 31.5        
 Nickel-copper and nickel-iron alloys for sulfuric acid and Alloy 401 N04401 42.5 55.5 0.3       Mn 1.6 
 corrosion, and electrical applications. Have higher strength Alloy 450 C71500 30.0 68.0 0.7       Mn 0.7 

B work hardened than Group A alloys. Most alloys cannot be Alloy 36 K93600 36.0 64.0        
 hardened by heat treatment and best machining is obtained Alloy K K94610 29.5 53.0   17.0     
 in cold-drawn or cold-drawn and stress-relieved conditions. Alloy MS 250  19.0 76.0  3.0   1.4   

  Alloy 600 N06600 76.0 8.0 15.5       
  Alloy 690 N06690 61.0 9.0 29.0       
  Alloy 601 N06601 60.5 14.0 23.0   1.4    
  Alloy 825 N08825 42.0 2.2 30.0 21.5 3.0   1.0   
 Mainly nickel-chromium and nickel-iron-chromium Alloy DS  37.0 41.0 18.0      Si 2.3 
 alloys for acid and high temperature corrosion Alloy 330 N08330 35.5 44.0 18.5      Si 1.1 

C applications. Similar in mechanical properties to austentic Alloy 20 N08020 35.0 3.5 37.0 20.0 2.5 0.6
 stainless steels except for greater high temperature strength. Alloy 800 N08800 32.5 46.0 21.0      C 0.05 
 These alloys are best machined in the cold-drawn or cold- Alloy 800HT N08811 32.5 46.0 21.0   Al+Ti 1.0   C 0.08 
 drawn and stress-relieved conditions, Alloy 802 N08802 32.5 46.0 21.0 C 0.4
  Alloy 270 N02270 99.98      C 0.01 
  Alloy K-500 (unaged) N05500 65.5 29.5 1.0   2.7 0.6   
  Alloy 75 N06075 80.0 19.5
  Alloy 86  64.0 25.0 10.0     Ce 0.03 

 This group consists of a limited number of age-hardened Alloy 301 N03301 94.0   4.4 0.6   
D-1 alloys in the solution annealed condition. These alloys are Alloy 925 N09925 42.0 2.2 32.0 21.0 3.0 0.3 2.1

 relatively easily machined. Alloy 902 N09902 42.5 49.0 5.3   0.5 2.4   

  Alloy 301 (aged)  94.0   4.4 0.6   
  Alloy K-500 (aged) N05500 65.5 29.5 1.0   2.7 0.6   
  Alloy 902 (aged) N09902 42.5 49.0 5.3 0.5 2.4
  Alloy 81  67.0 30.0   0.9 1.8   
  Alloy G-3 N06985 44.0 2.0 19.5 22.0 7.0 2.5   0.3 W .05 
  Alloy HX N06002 47.5 18.5 218 9.0 1.5     
  Alloy 625 N06625 61.0 2.5 21.5 9.0    3.6  
 This group consists of Group D-1 alloys in the Alloy 925 (aged) N90925 42.0 2.2 32.0 21.0 3.0  0.3 2.1   
 age-hardened condition, most other age-hardenable Alloy 716 N07716 57.5 19.2 8.2 1.4 3.4
 alloys in both the solution annealed and hardened Alloy 725 N07725 57.0 9.0 20.8 8.2   1.4 3.4  
 conditions, and some highly solution strengthened Alloy MA 754 N07754 77.5 1.0 20.0   0.3 0.5  Y 0 0.6 
 alloys. They contain strong solution strengtheners and Alloy 80A N07080 76.0 19.5   1.4 2.4   

D-2 hard abrasive precipitates which make machining difficult. Alloy 718 N07718 54.0 18.5 18.0 3.0 5.1
 These alloys should be rough machined in the solution Alloy PE11  39.0 34.0 18.0 5.2  0.8 2.3   
 annealed condition and then finish machined after aging. Alloy 706 N09706 42.0 36.5 16.0 1.8 3.1
 A size contraction up to about 0.07% takes place upon  Alloy PE16  43.5 16.5 3.3  1.2 1.2   
 aging which must be allowed for in rough machining. Alloy C-276 N10276 57.0 5.5 15.5 16.0 1.2 W 3.8, Mn 0.5
  Alloy 751 N07751 73.0 7.0 15.5   1.1 2.5 1.0  
  Alloy X-750 N07750 73.0 7.0 15.5   0.7 2.5 1.0  
  Alloy 901 N09901 42.5 34.0 12.5 5.8   2.9   
  Alloy 617 N06617 52.0 1.5 22.0 9.0 12.5 1.2    
  Alloy 263 N07263 51.0 36.0 20.0 5.8 20.0 0.5 2.2   
  Alloy 105  54.0 15.0 5.0 20.0 4.7 1.3   
  Alloy 90 N07090 60.0 19.0  16.5 1.5 2.5   
  Alloy PK50  58.0 19.5 4.25 13.5 1.4 3.0
  Alloy 115  60.0 14.2 3.2 13.2 4.9 3.8   
  Alloy B-2 N10665 66.0 1.0 0.5 27.5  0.1 0.1  Si 0.05 
  Alloy 903 N19903 38.0 41.5   15.0 0.9 1.4 3.0  
  Alloy 907 N19907 38.4 42.0   13.0 0.0 1.5 4.7 Si 0.15 
  Alloy 909 N19909 38.4 42.0   13.0 0.0 1.5 4.7 Si 0.4 

E A special Alloy 400 designed to be free machining Alloy R-405  66.5 31.5 1.2        Mn 1.1, S 0.04 

 for high production on automatic screw machines.             
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applications, but they all have some 
properties in common which effect their 
machinability to a varying degree. They all 
have an austenitic structure which imparts 
properties of high ductility and work 
hardening, producing a gummy machining 
behaviour similar to that of austenitic 
stainless steels. In addition, those alloys 
designed for high temperature applications 
remain strong at the temperatures of chip 
formation during machining, and thermal 
conductivity is much less than that of steel 
and many other materials. The age 
hardening nickel alloys also contain 
abrasive titanium and aluminum particles.  
It is these factors that make nickel alloys 
more difficult to machine than steel, and it 
is an understanding of the extent to which 
each nickel alloy is affected by these 
factors which is the key to their successful 
machining. 

Nickel alloys are classified into different 
categories according to their relative 
machining behaviour as shown in Table I. 

A different set of machining conditions is 
applicable to each category, and the first 
step for successful machining is for the 
programmer/machinist to identify the 
applicable category for the alloy to be 
machined. A listing of the common nickel 
alloys found in each category is also 
provided in Table l. The metallurgical 
condition for some alloys must also be 
known for proper category classification.  
As can be seen from Table l, many of the 
factors that define each category are those 
discussed above in relation to nickel alloys 
in general. The relative importance of each 
factor, however, changes from category to 
category. This is illustrated for mechanical 
properties in Figure 1, where a comparison 
is made to stainless and carbon steel. As 
one moves from steel to stainless and then 
to the nickel alloys, ductility, work harden-
ing and high temperature strength gradually 
increase, denoting more difficult machining 
and, correspondingly, altered machining 
conditions. 

Figure 1 Nickel alloys grouped according to increasing mechanical properties and 
resultant increasing difficulty to machine. 
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Basic principles applicable  
to all machining operations 

Work hardening 
The avoidance of work hardening is of 
fundamental importance to the successful 
machining of all nickel alloys. Work 
hardening occurs when the metal ahead 
of the cutting tool, especially one that is 
cutting poorly, is plastically deformed.  
This hardened layer is very difficult to 
penetrate in subsequent passes or 
following operations. 

Techniques that minimize work hard-
ening include the use of sharp cutting 
edges, positive rake angles, adequate 
clearance angles, avoidance of dwelling, 
and machines and setups having suffi-
cient power and rigidity to keep vibration 
to a minimum. Feed rate and cutting depth 
should be set so that in following passes 
cutting is done below the previously work 
hardened layer. For example, in turning, a 
depth of cut at least 0.015 inch (0.38mm) 
is recommended if a following operation  
is planned, and the feed rate should be 
0.005 inches (0.13mm) or larger. Vibration 
can be minimized by using the largest 
possible tools and holders, and by limiting 
overhang. Power requirements should be 
determined whenever possible but a rule 
of thumb is to operate at only up to about 
50% of a machine's capacity. If, when 
machining nickel alloys, one finds that the 
material “cannot be cut”, the problem 
usually can be solved by addressing one 
or more of the above factors related to 
work hardening. 

Choice of cutting tools 
The cutting tool material choice must be 
consistent with the machining operation, 
the specific nickel alloy, and its metallur-
gical condition. Because of the high 
strength and work hardening of nickel 
alloys, small size drills, taps, reamers 

and grooving tools, or operations 
involving interrupted cuts usually require 
high-speed tools chosen on the basis of 
toughness. These tools must be run at 
quite low speeds, but they are often the 
only choice available with small tooling. 
When the operation allows for larger 
tools, carbide provides a good first choice 
for turning and some milling and drilling 
operations. The selection of a reasonably 
strong carbide grade used in conjunction 
with a positive rake angle will usually give 
good results in turning, provided machine 
horsepower and setup rigidity are 
adequate. Relatively large diameter short 
holes can be handled with carbide drills 
on rigid machining centres and 
numerically controlled, NC, lathes. 

High-speed steel, HSS, tooling 
generally should be the initial choice for 
most milling operations because of their 
resistance to shock, but carbide can be 
considered in some instances. The newer 
ceramic materials definitely have a place 
in turning the more difficult Group C and 
D nickel alloys. They work very well and 
can give high metal removal rates 
providing they are used on very powerful 
and rigid machines. 

The specific nickel alloy and its 
metallurgical condition also dictate the 
choice of tooling because of the wide 
range in hardness, strength and 
abrasiveness that can be encountered. 
The softer Group A and B alloys lend 
themselves more to carbide tooling in 
interrupted roughing operations. For 
milling the harder alloys and for general 
finishing, HSS tooling with a sharp cutting 
edge often gives the best results. An 
exception is that ceramic tools can give 
very good turning results in finishing, again 
providing that the machine is adequate. 
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Lubricants and coolants 

In cutting nickel alloys, the choice of a 
cutting fluid is first based on whether 
cooling or lubrication is the primary 
consideration. Soluble water-based fluids 
are used in high metal removal rate 
turning operations, where heat removal 
is essential. These fluids are also used  
in turning with ceramics, but some 
ceramics cannot withstand thermal 
shock and require cutting without a 
cutting fluid. Oils are not recommended 
for ceramic tooling because of the 
danger of ignition. In low speed cutting 
with HSS tools, a sulphur-chlorinated oil 

that has a viscosity adjusted to the 
operation is preferred. Normally, a high 
viscosity provides best tool life, but a 
lighter fluid will aid in providing chip 
flushing in small deep holes. When 
using oil, the high temperatures of 
cutting may produce a brown sulphur 
stain. This stain is easily removed with 
various sodium cyanide or chromic-
sulphuric acid cleaning solutions. The 
stain should be removed before any 
subsequent thermal treatment including 
welding, or before use in high 
temperature applications because the 
sulphur could cause intergranular attack 
of the metal surface. 
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Recommendations for machining 

Turning, boring and grooving 

High speed steel tooling 
Nickel alloys may be turned with most 
conventional cutting tool materials, but 
the programmer/machinist should know 
that productivity and economics will be 
highly dependent on an optimization of 
machine, tool and cutting parameters. 
Table II gives speed and feed 
suggestions for the various alloy groups 
and the various cutting tool materials. 
Because of its relatively low cutting 
speed limitation, HSS tooling only should 
be considered where high toughness is 

Table II Turning and boring nickel alloys. 

   High Speed (T15,M33,etc.) Carbide Other 

Alloy Condition Operation Speed Feed Speed Feed Grade Speed Feed Grade 

   sfm m/min ipr mm/rev sfm m/min ipr mm/rev  sfm m/min ipr mm/rev  

Group A Annealed Finishing 60 18 0.008 0.21           

(Nickel) (HRB 45) Roughing 50 15 0.030 0.76           

Group A Cold Drawn Finishing 200 61 0.004 0.10      385 117 0.008 0.20 Cast Alloy

(Nickel) (HRB 95) Roughing 170 52 0.008 0.20           

Group B Annealed Finishing 70 21 0.008 0.20 325 99 0.008 0.20 C-6, 7      

(Nickel/Copper)           C-2, 3      

 (HRB 65) Roughing 60 18 0.030 076 275 84 0.020 0.51 C-5, 6      

           C-1, 2      

Group B Cold Drawn Finishing 100 30 0.005 0.13 400 122 0.040 1.02 C-5, 6, 7 175 53 0.008 0.20 Cast Alloy

(Nickel/Copper)       300 91   C-3, 4 1100 335 0.006 0.15 Ceramic 

 (HRB 100) Roughing 90 27 0.010 0.25 350 107 0.008 0.20 C-2, 5, 6 800 244 0.008 0.20 Ceramic 

Group C Annealed Finishing 35 10 0.008 0.20 225 69 0.008 0.20 C-6 700 213 0.006 0.15 Ceramic 

(Nickel-Cr &       130 40   C-2, 3      

Ni-Cr-Fe) (HRB 75) Roughing 25 8 0.030 0.76 175 53 0.020 0.51 C-6 800 244 0,008 0.20 Ceramic 

       90 27   C-1, 2      

Group C  Finishing 60 18 0.005 0.13 425 130 0.004 0.10 C-2 125 38 0.008 0.20 Cast Alloy

(Nickel-Cr & Cold Drawn           600 183 0.006 0.15 Ceramic 

Ni-Cr-Fe) (HRC 30) Roughing 50 15 0.010 0.25 375 114 0.008 0.20 C-2 500 152 0.014 0.36 Ceramic 

Group D-1 Annealed Finishing 50 15 0.008 0.20 250 76 0.006 0.02 C-7      

Age Hardenable (HRB 80) Roughing 40 12 0.030 0.76 200 61 0.020 0.51 C-6      

(unaged)                 

Group D-1 Cold Drawn Finishing 70 21 0,005 0.13 300 91 0.006 0.02 C-7 125 38 0.008 0.20 Cast Alloy

Age Hardenable (HRC 35) Roughing 60 18 0.010 0.25 250 76 0.010 0.25 C-6      

Group D-2 Annealed Finishing 20 6 0.005 0.13 130 40 0.005 0.13 C-2 600-1600 183-488 0.006 0,15 Ceramic 

Age Hardenable (HRB 85) Roughing 15 5 0.010 0.25 75 23 0.008 0.20 C-2 250-1000 76-305 0.010 0.25 Ceramic 

Group D-2 Cold Drawn Finishing 18 5 0.004 0.10 110 34 0.005 0.13 C-2 400-1300 122-396 0.004 0.10 Ceramic 

Age Hardenable (HRC 45) Roughing 12 4 0.008 0.20 70 21 0.007 0.18 C-2 300-700 91-213 0,008 0.20 Ceramic 

Group E Annealed Finishing 80 24 0.008 0.20 325 99 0.006 0.02 C-6      

Free Machining (HRB 65) Roughing 70 21 0.030 0.76 275 84 0.020 0.51 C-6      

Group E Cold Drawn Finishing 130 40 0.005 0.13 400 122 0.004 0.10 C-7 200 61 0.008 0.20 Cast Alloy

Free Machining (HRB 100)                

  Roughing 120 37 0.010 0.25 350 107 0.008 0.20 C-7      

 

required, as in the case of interrupted 
cuts, or where a very fine surface finish  
is required. HSS tooling can provide 
reasonable productivity when used with 
the softer Group A and Group B alloys, 
but is severely limited when working  
with nickel alloys in the age hardened 
condition. With HSS good advantage can 
be taken with positive rake angles to 
facilitate cutting and to minimize work 
hardening. Relief angles should be 
generous enough to avoid rubbing and 
consequent work hardening and yet not 
so large as to inadequately support the 
cutting edge. Positive back rake angles 
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Table III Comparison of tool materials in turning group D-2 nickel alloys. 
Tool Tool Machining Annealed (180-250BHN) Aged (250-375BHN) 

material characteristics cond. roughing finishing roughing finishing 
  DOC 0.22 (6.35mm) 0.06 (1.52mm) 0.25 (6.35mm) 0.06 (1.52mm)
 Steel with alloy carbides ipr 0.010 0.005 0.008 0.004 

HSS Good strength and toughness-–poor heat resistance mm/rev 0.25 0.13 0.20 0.10 
 For small tools, interrupted cuts and low rigidity applications sfm 15 20 12 18 

  m/min 5 6 4 5 

  DOC 0.25 (6.35mm) 0.06 (1.52mm) 0.02 (0.51mm) 0.04 (1.02mm)
 Cobalt binder containing W, Ti and Ta carbides ipr 0.015 0.007 0.008 0.005 

Carbide Combine good toughness and good high temperature resistance mm/rev 0.38 0.18 0.20 0.13 
 For general purpose use on machines of limited power sfm 100 130 70 105 
  m/min 30 40 21 32 

  DOC 0.25 (6.35mm) 0.06 (1.52mm) 0.02 (0.51mm) 0.04 (1.02mm)
 Combine tough carbide base and wear resistant coatings ipr 0.010 0.005 0.008 0.005 

Coated carbide Improved tool life compared to basic carbide grades mm/rev 0.25 018 0.20 013 
 Improved productivity compared to uncoated carbide sfm 120 150 80 115 

  m/min 244 46 183 35 

  DOC 0.25 (6.35mm) 0.06 (1.52mm) 0.10 (2.54mm) 0.02 (0.51mm)
Silicon aluminum Hot pressed monolithic silicon aluminum oxynitride ipr 0.010 0007 0.008 0.005 

nitride Excellent toughness and thermal resistance mm/rev 0.25 0.18 0.20 0.13 
(Sialon) Good overall performance sfm 800 1000 600 800 

  m/min 244 395 183 244 

  DOC 0.25 (635mm) 0.06 (1.52mm) 0.125 (3.18mm) 002 (0.51 mm)
Whisker reinforced Aluminum oxide with silicon whiskers ipr 0.008 0.006 0.007 0.004 

alumina Best combination of edge strength, shock and thermal resistance mm/rev 0.20 0.15 0.18 0.10 
(Re-alumina) Excellent overall performance in roughing and finishing sfm 1000 1600 700 1300 

  mlmin 305 488 213 396 

  DOC 0.06 (1.52mm) 0.04 (1.02mm)  0.02 (0.51mm)
 Composite titanium carbide and titanium nitrate ipr 0.006 0.005 NR 0.003 

Cermet Excellent abrasion and crater resistance, poor toughness mm/rev 0.15 0.13  0,08 
 Limited to high speed finishing at light feed and d.o.c. sfm 250 600  400 
  m/min 76 183  122 

  DOC 0.06 (1.52mm) 0.02 (0.51 mm) 0.04 (1.02mm) 0.02 (0.51mm)
 Cold or hot pressed alumina and titanium carbide ipr 0.014 0.005 0.010 0.004 

Composite Hot pressed grades have high edge strength mm/rev 0.36 0.13 0.25 0.10 
alumina Primarily for machining materials over 35Rc in hardness sfm 700 1000 500 700 

  m/min 213 395 152 213 

  DOC 0.125 (3.18mm) 0.02 (0.51mm) 0.06 (1.52mm) 0.02 (0.51mm)
 Composite of cubic boron nitride in a metal binder ipr 0.014 0.006 0.008 0.004 

Cubic boron Combines highest hardness with excellent toughness mm/rev 0.36 0.15 0.20 010 
(CBN) Primarily for machining materials over 45Rc hardness sfm 500 800 300 500 

  m/min 152 244 91 152 

  DOC – – – – 
 Composite of diamond crystals ipr NR NR NR NR 

Polycrystalline Highest hardness and wear resistance mm/rev NR NR NR NR 
diamond Not recommended for nickel alloys due to chemical incompatability sfm – – – – 

  m/min – – – – 

 

will range from 0 to 8° for roughing and 
finishing, respectively, and clearance 
angles will be in the range of 6 to 8°. The 
premium grades of HSS which provide 
the maximum combination of strength, 
wear and heat resistance will be cost- 
effective in relation to the value of the 
nickel alloys machined. 

Carbide tooling 
Carbide should be considered for the 
general machining of the stronger alloys 

in Groups B and above. The key to 
success with carbide is to use powerful 
machines and rigid setups to minimize 
vibration. Generally, it will be found that 
a positive cutting angle can be used  
if sufficient rigidity and power are 
available. The selection of carbide grade 
will then be a matter of obtaining 
adequate edge strength for any given 
set of cutting conditions. The premium 
coated grades with chip breakers will 
generally prove economical. Because of 
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the high strength of the nickel alloys, 
close attention should be paid to factors 
which affect edge strength, honing and 
nose radius. The benefits of positive 
rake and adequate relief angles also 
apply to carbide cutting tools. 

Ceramic tooling 
For the purpose of this booklet, ceramics 
are defined as all of the advanced cutting 
tool materials beyond coated carbides. 
These ceramics are described and their 
properties compared to conventional 
materials in Table lll, which also gives 
representative cutting conditions. With 
the exception of Polycrystalline 
Diamond, all of the ceramics have 
application in the machining of nickel 

alloys. Their greatest field of application 
is in turning because they perform best 
at high cutting speeds under conditions 
where high toughness and impact 
strength are less important. The limited 
toughness of ceramics requires the use 
of very rigid, precision and powerful 
machine tools that have minimal high-
speed vibration capacity. However, 
accepting these limitations, nickel alloys 
can be very efficiently machined with 
these materials. 

An illustration of the cutting speeds 
that can be obtained with the various 
ceramic tool materials in turning 
annealed and hardened Group D-2 alloy 
is given in Figures 2 and 3. Speeds of 
five to 15 times that of carbide are 

Figure 2 Typical cutting speeds for 
ceramic tool materials when 
turning annealed group D-2 
nickel alloys. 

Figure 3 Typical cutting speeds for 
ceramic tool materials when 
turning hardening group D-2 
nickel alloys. 
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possible depending on the particular 
ceramic. The two most versatile classes 
of ceramic used with nickel alloys are the 
Sialon and whisker reinforced alumina 
types which can be run at speeds of 800 
to over 1600 sfm (244 to 488m/min.) on 
the very difficult to machine Group D-2 
alloys. The other ceramic classes fall  
into more specialized niches such as 
high-speed finishing with cermets or 
machining very hard alloys with 
composite alumina or cubic boron nitride. 
There are also variations in machinability 
among the Group D-2 alloys which also 
need to be taken into consideration. A 
machinability index for turning some of 
these alloys with whisker reinforced 
alumina tooling is given in Figure 4. It is 
apparent from Figure 4 that substantial 
adjustments in cutting conditions from 
general recommendations for Group D-2 
alloys have to be made in some cases. 

Each of the ceramic classes has 
different properties and requires some-
what different machining practices, and 
this may at times be true for ceramics 
within the same class produced by 
different manufacturers. Because of the 
large number of ceramics now available, 
it is impossible to make specific 
machining practice suggestions other 
than the manufacturers' recommenda-
tions should always be closely followed 
as a starting point. 

To illustrate some important 
considerations involved, some 
suggestions made by Greenleaf 
Corporation, applicable to their WG-300 
whisker reinforced alumina ceramic, are 
discussed in the following example. This 
material is characterized as having  
very good fracture and temperature 
resistance, as well as resistance to 
thermal shock. 

In working with ceramics of this  
kind, it is of paramount importance to 
recognize that it is desirable to have  
a high cutting temperature and that 
notching of the insert at the cutting line 
is to be avoided for maximum insert 
life. Most importantly, it should be 

Figure 4 Machinability rating of nickel 
alloys in turning with whisker 
reinforced alumina tooling. 

recognized that the programmer is a key 
element in the efficient use of ceramics, 
and programs should take into 
consideration all practices which 
maximize ceramic performance. 
Therefore, the first step for the 
programmer is to plan speeds and feeds 
which generate a high metal cutting 
temperature and that are consistent with 
the hardness of the material. In this 
situation, hardness is more important 
than chemical variations between 
different nickel alloys. Nomograms (see 
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Figure 5) taking these factors into 
consideration have been developed  
to aid the programmer. In addition to 
the effect of hardness, Figure 5 
demonstrates the critical relationship 
between speed and feed. Any 
reduction in speed must be 
accompanied by a corresponding 
reduction in feed. This allows the heat 
to be concentrated in the chip, thus 
maintaining a high cutting temperature 
and low cutting force. The only 
exception to this is that if the chip 
becomes too thin to carry away the 
required heat, the temperature rises 
excessively. In this case coolants that 
can be used with whisker reinforced 
alumina will carry away the excessive 

heat without damage to the tool 
because of its excellent thermal shock 
resistance. 

Insert selection and method of use 
Insert selection and method of use are  
of extreme importance in realizing the 
potential of ceramic inserts with nickel 
alloys. The two primary rules of insert 
selection are: use round inserts and use 
the largest lead angle whenever possi-
ble. Both of these rules help to minimize 
the depth of cut (DOC) notch effect 
which is a weakness of ceramics. A 
larger lead angle will reduce cutting 
pressure, and a round insert will have  
a larger lead angle for a given depth of 
cut. It is important to realize that rela- 

Figure 5  Nomogram showing the balance in speed and feed required to obtain the 
high cutting temperature necessary for machining nickel alloys with whisker 
reinforced alumina inserts. 

Data based on Greenleaf whisker reinforced alumina grade WG-300 insert RNGN-45. 
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Figure 6 Programming and tooling techniques that will increase tool life when 
machining nickel alloys with carbide and ceramic tooling. 
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Figure 7  Appearance of whisker reinforced alumina ceramic inserts showing that 
characteristic flaking allows continued useful life and the advantage of 
indexing round inserts. 

(Illustration of WG-300 insert courtesy of Greenleaf Tool)

tionships exist between insert diameter 
or nose radius and the depth of cut that 
maintains the maximum effective lead 
angle. The choice of a round insert is 
also advantageous because it can be 
rotated to move the DOC notch away 
from the line of cut numerous times to 
extend the insert life beyond that obtain- 

able in an angular insert. This advan-
tage of round inserts compared to 
square inserts is illustrated in Figure 6A. 
When a round insert is indexed repeat-
edly for maximum edge utilization, as 
shown in Figure 7, the DOC notch is 
minimized significantly. 

 

  
C) Typical appearance of insert used for 
roughing. Still has almost 50% of edge usable 
for roughing. 

D) Appearance of insert used for roughing 
and having been indexed for maximum edge 
utilization. This should be fairly typical 
appearance for WG-300 being applied in 
roughing before discarding the insert. 

B) Insert used for finishing. Displays some 
notching and small flaked areas. May be used 
for roughing with much remaining life. 

A) Insert used for finishing showing very light 
wear and minimum depth of cut notch Has 
considerable remaining life. 
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Taking the correct tool path 
Taking the correct tool path is the most 
important action that the programmer can 
take to eliminate notching. There are many 
techniques for doing this depending on the 
particular part geometry and machining 
operation. For example, in pre-chamfering 
the corner entry point, the normally 
selected direction of tool movement will 
exacerbate the notch effect and be 
undesirable, as shown in Figure 6B. If the 
direction of feed is aligned at 90 degrees 
to the chamfer, the depth of cut line 
continually moves along the insert edge, 
eliminating any notch effect. In turning long 
surfaces, ramping is a very effective 
technique for extending insert life. This 
technique involves programming a gradual 
change in DOC as the insert traverses the 
length of the cut. This is illustrated in 
Figure 6C, which shows that the depth of 
cut line again continually moves along the 
insert edge. An alternative but less 
effective method than ramping is to simply 
avoid taking multiple passes at a constant 
depth of cut. These are just two of the 
many ways that the programmer can 
choose an optimum tool path which will 
greatly facilitate the machining of nickel 
alloys with all kinds of tooling. 

There are a number of other factors that 
should be considered when machining 
nickel alloys with ceramic tooling. Work 
hardening should be avoided, although 
this is not quite as important as with other 
types of tooling because of the higher 
cutting temperature. Some ceramics, such 
as whisker-reinforced alumina, can be 
used without an edge hone; the sharper 
edge reduces work hardening and 
produces the best obtainable surface 
finish. A larger clearance angle will also 
minimize work hardening effects and some 
ceramics can be used at larger clearance 
angles than others. Cutting conditions 
should be adjusted to avoid impinging  
the hot chip directly onto the machined 
surface because the chip's high 
temperature may cause it to weld to 

the surface. Coolants should not be 
used with most ceramics because of 
their generally low resistance to thermal 
shock. However, in the case of the 
ceramics which do have good thermal 
shock resistance (for example, whisker-
reinforced alumina), the coolant will be 
helpful in managing the hot chip and in 
providing part size control. 

Drilling

Twist drills 
For the successful drilling of nickel alloys 
with twist drills, the most important 
consideration is to provide positive cutting 
and to minimize dwell to avoid work 
hardening. Satisfactory results can be 
obtained with conventional high-speed 
twist drills and work hardening can be 
minimized if careful attention is given to 
the considerations known to affect twist 
drill performance. Setups should be rigid 
and short drills or guides should be used. 
A typical drill geometry would be 118° 
point angle, 29° helix, 12° lip relief angle 
and a chisel angle of 125-135°. Drills 
should always be machine sharpened, 
and as the drill is shortened from 
resharpening, the web should be thinned 
to maintain a positive effective rake and 
reduce cutting pressure. The tougher high-
speed steel grades should be selected for 
smaller diameter holes, while in larger 
drills the cobalt grades will give better tool 
life. Solid carbide drills are not normally 
recommended because of their toughness 
limitation but carbide tipped drills may 
prove satisfactory. Oil hole drills are 
useful, and in all cases, a high-quality, 
sulphurized oil flooding the hole should be 
used. Suggested starting conditions for 
twist drilling are given in Table IV. 

Insert drills 
Large diameter short holes may be 
drilled with insert drills on computer 
numerically controlled (CNC) lathes and 
machining centres of adequate rigidity 
and power. A rigid setup and accurate 
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 Table IV Twist drilling nickel alloys with high-speed steel drills. 

Alloy Drill diameter Surface speed Feed* 
group in. mm sfm m/min ipr mm/rev 

A <1/16 <1.6 55 - 75 17 - 23 0.0005 - 0.001 0.01 - 0.03 

B 1/16 - 1/8 1.6 - 3.2 45 - 55 14 - 17 0.001 - 0.002 0.03 - 0.05 

C 1/8 - 3/16 3.2 - 4.8 25 - 35 8 - 11 0.002 - 0.004 0.05 - 0.10 

D-1 1/4 - 5/16 6.4 - 7.9 20 - 30 6 - 9 0.003 - 0.005 0.08 - 0.13 

D-2 Unaged 3/8 - 7/16 9.5 - 11 10 - 12 3 - 4 0.004 - 0.007 0.10 - 0.18 

D-2 Aged 1/2-11/16 13 - 17    8 - 10 2 - 3 0.006 - 0.010 0.15 - 0.25 

E 3/4-1 19 - 25 50 - 70 15 - 21 0.008 - 0.15 0.20 - 0.38 

* Use the lower value for smaller drills in the range or for harder material.

alignment are essential for good per-
formance. With a good setup, tooling 
and inserts giving a positive rake angle 
are recommended to minimize cutting 
forces and work-hardening. Through-
the-tool lubricant at a pressure of 45-75 
psi (0.31-0.52MPa) and 10 gal. (45 l)per 
minute flow is recommended although 
lower flows may be used in some 
horizontal situations involving shallow 
holes. Suggested insert drilling 
conditions are given in Table V. 

Deep hole drilling 
Depending on hole diameter and depth, 
crankshaft, spade and gun drills are all 
options for deep hole drilling in nickel 
alloys. However, again because of high 
strength and work hardening, the need 
to provide positive feed is extremely 
important with these types of drills. 
Under the best of conditions, drilling 
rates will be low, as suggested by the 
deep hole drilling conditions given in 
Tables VI and Vll. 

Table V Insert drilling nickel alloys on CNC lathe or machining centre. 

Alloy  Diameter Feed Surface speed 
group Insert in. mm ipr mm/rev sfm m/min

 C-2 5/8-15/16 15.9 - 23.8 0.004 - 0.006 0.10 - 0.15 40 - 70 12 - 21

D-2 Annealed  1 - 1 1/2 25.4 - 38.1 0.006 - 0.009 0.15 - 0.23 70 - 100 21 - 30

 Coated 1 - 1 1/2 25.4 - 38.1 0.006 - 0.009 0.15 - 0.23 100 - 140 30 - 43

  15/8 - 2 1/8 41.3 - 53.9 0.009 - 0.120 0.23 - 0.31 140 - 180 43 - 55

 

Table VI Gun drilling nickel alloys with carbide tooling. 

Alloy Feed Surface speed 
group  ipr mm/rev sfm m/min 

A 0.0001 - 0.002 0.003 - 0.050 220 67 

B 0.0002 - 0.004 0.005 - 0.100 300 91 

C 0.0002 - 0.005 0.005 - 0.013 320 98 

D-1 0.001 - 0.003 0.003 - 0.075 220 67 

D-2 Unaged 0.001 - 0.003 0.003 - 0.075 100 30 

D-2 Aged 0.001 - 0.003 0.003 - 0.075 60 18 

For drill sizes 1/16 - 2 in. (1.6 - 50mm) 
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Table VII Spade drilling nickel alloys. 
 HSS tooling 

Alloy Feed Surface speed 
group ipr mm/rev sfm m/min 

A 0.005 - 0.007 0.013 - 0.018 55 - 75 17 - 23 

B 0.005 - 0.007 0.013 - 0.018 45 - 55 14 - 17 

C 0.005 - 0.007 0.013 - 0.018 25 - 35 7.6 - 11 

  Coated HSS tooling  

D-2 Annealed 0.005 - 0.012 0.013 - 0.305 50 - 70 15 - 21 

D-2 Aged 0.005 - 0.012 0.013 - 0.305 30 - 50 9 - 15 

(Courtesy of Inco Alloys International) 

Deep hole drilling by non-traditional 
methods 
For production or semi-production work 
involving a large number of deep or 
small diameter holes, one of the newer 
non-traditional machining methods 
should be considered. These methods 
are not sensitive to material mechanical 
properties and so are ideal for nickel 
alloys if their high setup and operating 
costs can be justified. Electrical dis-
charge, electron beam and laser ma-
chining are all methods capable of 
producing deep or irregularly shaped 
holes in nickel alloys. Holes as small as 
0.002 in. (0.05mm) diameter can be 
drilled up to about 0.5 in. (12.7mm) 
deep, depending on the process em-
ployed. Drilling rates run up to about  
1 inch per minute (25mm/min.) with 
electric discharge and laser drilling, and 
an order of magnitude higher with the 
electron beam method. In addition to the 
obvious small hole drilling capability, an 
advantage of these methods is that they 
can be used on material in the aged 
condition, thus avoiding distortion 
problems that can occur with material 
aged after conventional drilling. 

Except for high equipment and 
engineering costs, there are few draw-
backs to drilling employing these meth-
ods. They do produce a thin heat-
affected surface layer the depth of 
which is dependent on the drilling 
method and heat input. Areas of 
application have been primarily in the 
drilling of cooling passages in jet engine 

and other aerospace components 
where the high cost can be justified. 
However, as these processes move 
more into the general industrial sector 
and become more refined, they should 
be considered for general small hole 
drilling in nickel alloys. 

Reaming
Successful reaming of nickel alloys 
begins with good holes having a mini-
mum work hardened layer. Therefore, 
good drilling practices are an essential 
requirement for successful reaming. The 
objective when reaming is to penetrate 
below this layer so that non-hardened 
material is cut using conditions which 
avoid further hardening (or glazing). 
Essential to achieving this are that the 
reamer be kept sharp at all times, that 
adequate feeds be used, that chatter be 
absolutely avoided, and that positive 
reamers be used which are 
characterized by: 

High-speed steel tool material of  
adequate toughness;  

Right-hand cut; 
Right-hand helix (positive axial rake); 
Positive radial rake. 
Speeds for reaming should be about 

two-thirds of those used for drilling, but 
not so high as to cause chatter. Feed 
rates are about 0.0015 to 0.004 in. (0.04 
to 0.10mm) per flute per revolution.  
Too low a feed will cause glazing and 
excessive wear, while an excessive feed 
rate will reduce the hole accuracy and 
finish. The stock removal needed 
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Table VIII Tapping and threading nickel alloys. 

(Courtesy of Inco Alloys International) 

to cut below the work hardened layer 
will increase with the diameter of the 
hole and typical values are 0.010 in. 
(0.25mm) on a 0.25 in. (6mm) diameter 
hole, 0.015 in. (0.38mm) on a 0.50 in. 
(12mm) diameter hole, and up to 0.025 
in. (0.64mm) on a 1.5 in. (38mm) 
diameter hole. 

The tool steels used for conventional 
reamers are normally the molybdenum 
grades of high-speed steel (such as 
Types M-2 and M-10) selected 
because of their toughness. Reamers 
with carbide cutters can also be used 
and are recommended for the Group D-
2 alloys. Types C-2 and C-6 (ISO K20 
and M,P20) carbides give good results. 

Tapping and threading 

In tapping nickel alloys, the most impor-
tant factor is selection of the proper hole 
size. Decreasing the thread engagement 
decreases the torque necessary to drive 
the tap and markedly reduces tap 
breakage. Conventional thread en-
gagement values of 75% have been 
found to be unnecessary with high 
strength materials; usually engagements 
of 50-60% are sufficient for most 
requirements. Recommended tapping 
speeds and thread engagements for the 
various alloy groups are given in Table 
Vlll. The age-hardenable alloys should 
be tapped in the unaged condition 
whenever possible. Ample lubricant, 
preferably with liquid chlorinated wax,  
is essential for both hand and machine 
tapping. 

The principles used in lathe threading 
nickel alloys are similar to those used in 
turning. Positive tool cutting angles are 
helpful but must be slightly less than in 
turning in order that the small nose of the 
tool is supported. Because of the small 
size of the cutting nose, it is necessary  
to cut at lower speeds than in straight 
turning and to flood with sulphurized oil in 
order to adequately dissipate heat when 
threading with high-speed tooling. Tough, 
high-speed steel tooling (such as the M-2 
and M-10 grades) should be selected for 
both threading and tapping. Carbide may 
also be used for threading and typical 
speed would be in the range of 85-100 
sfm (26-30m/min.). 

Die threading should use self-opening 
dies because threads may be torn when 
reversing solid dies. A chamfer angle of 
15-20° is recommended for producing V-
threads in which no shoulder is involved. 
The rake ankle is 15° for threading 
material of hardness 30 HRC, and it is 
increased to 30° for material as soft as 
hardness 65 HRB. The workpiece 
diameter should be 1 to 1.5% undersize 
to prevent binding in the die. The speeds 
given for lathe threading also apply to die 
threading. 

Threads may be ground using 
aluminum oxide (150-320 grit), vitrified-
bonded grinding wheels (medium-hard, 
open structure) which are effective with 
the Group D-2 alloys in any condition. 
The recommended grinding fluid is a 
filtered oil of about 300 SUS viscosity at 

HSS tapping                                        HSS single point or die threading 
Alloy Surface speed Thread engagement Surface speed 
group ipr mm/rev % sfm m/min 

A 15 - 25 5 - 8 60 25 - 30 7.6 - 9.1 

B 15 - 25 5 - 8 60 25 - 30 7.6 - 9.1 

C 10 - 15 3 - 5 55 12 - 18 3.7 - 5.5 

C-1 10 - 15 3 - 5 55 12 - 18 3.7 - 5.5 

D-2 Unaged 5 - 10 1.5 - 3 50 3.0 - 3.5 0.9 - 1.1 

D-2 Aged 5 - 10 1.5 - 3 50 3.0 - 3.5 0.9 - 1.1 
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Table IX Planing and shaping nickel alloys. 

 High-speed tooling (M-2, M-10) 
Roughing Finishing Alloy 

group Depth Feed Speed Depth Feed Speed 
 in. mm in. mm sfm m/min in. mm in. mm sfm m/min

A 5/8 16 0.050 0.13 50 - 60 15 - 18 0.010 0.25 0.250 6.35 50 15 
B 5/8 16 0.050 0.13 40 - 50 12 - 15 0.010 0.25 0.250 6.35 40 12 
C 3/8 10 0.050 0.13 15 - 20 5 - 6  0.010 0.25 0.250 6.35 15 5 

D-1 3/8 10 0.050 0.13 20 - 30 6 - 9 0.010 0.25 0.250 6.35 20 6 
D-2 Unaged 3/8 10 0.040 0.13 5 - 10 1.5 - 3 0.010 0.25 0.250 6.35 5 1.5 

D-2 Aged 3/8 10 0.040 0.13 5 - 10 1.5 - 3 0.010 0.25 0.250 6.35 5 1.5 

Carbide tooling (C-6) 

A 1/2 13 0.050 1.27 200 61 0.005 0.13 * * 225 69 
B 1/2 13 0.0045 1.14 125 38 0.005 0.13 * * 150 46 
C 1/8 3 0.060 1.52 120 37 0.005 0.13 * * 110 34 

D-1 1/2 13 0.045 1.14 85 26 0.005 0.13 * * 100 30 
 
*3/4 width of square nose finishing tool (Courtesy of Inco Alloys International) 

70° F (21°C). Care should be taken to 
avoid overheating because of the 
possibility of heat checking. 

Threads can be rolled on material up to 
about hardness 30 HRC while die life 
decreases rapidly at higher hardness. It 
is usually preferable to roll material in the 
as-drawn or annealed condition and then 
age harden. 

Planing and shaping 
Tooling and conditions used for planing 
and shaping are similar to those used for 
turning except that the speeds are about 
80-85% of those in turning. In using 
high-speed steel tooling, the top rake 
angle is most important; it must be 
extremely positive to achieve good 
cutting action. The optimum chip, 
resulting from a suitable combination of 
side cutting angle of about 4°-6° and top 
rake angle of 10°-200, is a small curl that 
curves before the tool and breaks upon 
hitting the work. 

The gooseneck type of planer tool 
should be used for finishing because its 
spring action affects smooth cuts. It is 
important that the cutting edge of a 
gooseneck tool be located behind the 
centre line of the clapper box pin so that 
the tool will spring away from the cut and 

not dig in. Sulphurized oil lubrication 
should be used to obtain the best finish 
in finishing operations while soluble oil 
coolants are adequate for roughing. 

Heavy sections may be parted on a 
planer using a gooseneck finishing tool. 
However, only light cuts of about 0.005-
0.010 in. (0.13-0.25mm) may be taken. 
Shaping operations are similar to 
planning; therefore, tooling and cutting 
conditions are the same. High-speed 
tooling will need good toughness and so 
such grades as M-2 and M-10 are 
suggested. Carbide tooling also should 
incorporate a positive cutting geometry 
with a C-6 type (ISO M,P20) grade. 
Recommended conditions for planing 
are given in Table IX. 

Broaching
A key element in broaching nickel 
alloys is to make sure that the teeth are 
kept sharp. They should be reground 
frequently and polished or honed after 
grinding. Chip breakers (nicked teeth) 
are recommended and they should  
be staggered from tooth to tooth and 
slightly larger than the depth of cut. It is 
also necessary that the lubricant flows 
to the cutting edge of the teeth. A 
generous supply of free flowing lubri- 
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Table X Broaching nickel alloys with high-speed steel tooling. 

Alloy  Surface speed Rake Angle 
group sfm m/min degrees 

A 10 - 18 3.1 - 5.5 12 - 18 
B 10 - 18 3.1 - 5.5 12 - 18 
C 5 - 12 1.5 - 3.7 10 - 15 

D-1 5 - 12 1.5 - 3.7 10 - 15 
D-2 6 1.8 8 - 10 

(Courtesy of Inco Alloys International) 

cant is necessary, but it should have 
sufficient body to provide good lubricity 
to the chips. Sulphurized mineral oil is 
recommended. 

For nickel alloys a well-designed 
broach will have a step per tooth (feed) 
of 0.002-0.004 in. (0.005-0.10mm) for 
surface or spline broaches and 0.0015-
0.003 in. (0.04-0.08mm) for round 
broaches. The pitch should provide for 
at least two teeth cutting simultaneously 
and the rake angle will range between 
12° and 18° depending on the nickel 
alloy group. Table X gives recom-
mended speeds and rake angles. 
Types T-1, T-4 and M-4 are suitable 
high-speed steel broach materials and 
they should be hardened and tempered 
to about 64 Rockwell C. 

Milling 
Conventional milling cutters 
The rule that optimal milling results can 
only be obtained through a careful 
balance of cutter diameter, number of 
teeth, feed per tooth, cutting speed and 
chip space applies very strongly to the 
nickel alloys. In addition, such factors as 
machine power, condition and setup that 
affect chatter are extremely important 
because of the high strength and work 
hardening characteristics of these 
materials. Machines should have 
adequate power and rigidity. Climb 
milling is preferred because the cutting 
edge enters the workpiece below the 
work hardened layer. In general, tooling 
should have positive cutting angles, 
should be kept sharp, and light feeds 

should be avoided to minimize formation 
of a work hardened layer. 

With high-speed steel tooling, the tool 
material should be a premium grade that 
combines good toughness and wear 
resistance so that the cutting edge 
remains sharp as long as possible. 
Roughing cutters should have a 12° 
positive radial rake and 45° axial rake for 
all alloys except those of Group D-2. 
Light-duty cutters with 12° positive axial 
rake and 18° axial rake (helical flutes) 
are best for the high strength alloys of 
this group. Finishing cutters for all alloys 
should be of the high helix type with 15° 
positive radial rake and 52° to 65° helical 
flutes (positive axial rake). Staggered 
tooth cutters, with alternate teeth of 
opposite helix, are best for milling 
grooves. 

With carbide tooling the choice of insert 
grade is limited because high toughness 
is essential and, therefore, wear 
resistance must be sacrificed. However, 
this situation can be somewhat improved 
by the use of chipbreaker designs to 
produce a more positive cutting angle; 
coated inserts to improve wear and 
cratering resistance; and round shape 
to provide maximum toughness. The 
machining program is also important 
from the standpoint of minimizing impact 
loading on the inserts, avoiding entry into 
work hardened layers, and allowing the 
chips to be thrown clear of the cut.  
Some of the techniques that have  
been described for turning  
with ceramic tooling can be used to 
accomplish these objectives in milling 
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Table XI Milling conditions for nickel alloys. 
   Face and Side 

  Roughing Finishing Alloy 
group Condition Tool material Feed Speed Feed Speed 

   in/tooth mm/tooth sfm m/min in/tooth mm/tooth sfm m/min

A Annealed or drawn M-2, 7, 10, C-6 0.003 -  0.006 0.08 - 0.15 70 - 105 21 - 32 0,004 - 0.008 0.10 - 0.20 135 - 220 41 -  67

B Annealed or drawn M-2, 42, T-15, C-6 0.007 -  0.010 0.18 - 0.25 55 - 85 17 - 26 0,006 - 0.100 0.15 - 0.25 80 - 175 24 - 53

C Annealed or drawn M-2, 42, T-15, C-2 0.003 -  0.006 0.08 - 0.15 20 - 35 6 - 11 0.004 - 0.006 0.01 - 0.15 65 - 75 20 - 23

D-1 Annealed or drawn M-2, 42, T-10, C-6 0.003 -  0.006 0.08 - 0.15 20 - 35 6 - 11 0.004 - 0.006 0.10 - 0.15 40 - 80 12 - 24

D-2 Unaged M-2, 42, T-15, C-2 0.003 -  0.005 0.08 - 0.13 10 - 25 3 -  8 0.008 - 0.012 0.20 - 0.30 75 - 100 23 - 30

D-2 Aged M-2, 10, T-15, C-2 0.003 -  0.005 0.08 - 0.13 5 - 20 2 -  6 0.008 - 0.012 0.20 - 0.30 65 - 70 120 - 21

End and Slot 

A Annealed or drawn M-2, 7, 10, C-6 0.001-  0,004 0.03 -  0.10 40 - 70 12 - 21 - - - - 

B Annealed or drawn M-2, 42, T-15, C-6 0.001-  0.004 0.03 -  0.010 45 - 65 12.5 - 20 0.001- 0.004 0.03 - 0.10 150 - 250 46 - 76

C Annealed or drawn M-2, 42, T-15, C-2 0.001-  0.003 0.003 -  0.08 15 - 25 5 - 8 0.001- 0.004 0.03 - 0.10 55 - 95 17 - 29

D-1 Annealed or drawn M-2, 42, T-10, C-6 0.001 -  0.003 0.03 -  0.08 15 - 35 5 - 11 0,001 - 0.004 0.03 - 0.10 110 - 190 34 - 58

D-2 Unaged M-2, 42, T-15, C-2 0.001 -  0.003 0.03 -  0.08 10 - 20 3 -  6 0,001 - 0.004 0.03 - 0.10 45 - 80 14 - 24

D-2 Aged M-2, 10, T-15, C-2 0.001 -  0.003 0.03 -  0.08 5 - 15 2 - 5 0.001 - 0.004 0.03 - 0.10 165 - 110 20 - 34

 (Courtesy of Inco Alloys lntemational) 

with carbide. Unfortunately, ceramics 
cannot be recommended for general 
milling applications with nickel alloys 
because of their toughness limitations. 

Recommendations for milling speeds 
and feeds are given for high-speed and 
carbide tooling in Table Xl. The speeds 
used in milling with carbide are consid-
erably less than those used in turning 
because a tougher insert grade must  
be used in milling. 

Electrochemical, electrical discharge, 
and chemical milling 
The first two of these processes are 
capable of machining precision intricate 
cavities, as well as producing general 
metal removal in nickel alloys and so fit 
well a definition for milling. Chemical 
milling, however, is limited primarily to 
light surface removal requirements, and 
is used mainly to produce large thin 
sections to close tolerances that cannot 
be machined with conventional milling 
techniques. These processes have the 
distinct advantage with nickel alloys  
that they are essentially unaffected by 
material strength or heat treatment 
condition and, therefore, can be used  
to solve problems where conventional 

milling is not feasible. 
In electrochemical machining the 

nickel alloy is made the anode in an 
electrolytic cell and metal is removed by 
passing direct current between a cath-
ode and the workpiece. The equipment, 
tooling and setup costs are high be-
cause of the need to precisely control 
current and electrolyte purity and 
hydraulic pressure. For nickel alloys, 
electrolytes are generally neutral salt 
solutions of sodium chloride, potassium 
chloride or sodium nitrate. Metal 
removal rates in the range of 0.1 in.3 

(1.6cm3) per minute can be obtained 
and tolerances to ±0.001 in. (0.03mm) 
are possible. Surface finish depends on 
many process variables, but generally is 
in the range of 12-75 micro in. (0.30-1.9 
micro m) for the frontal gap and as 
rough as 200 micro in. (5 micro m) in 
the side gap area. Metallurgical varia-
tions in the workpiece can cause sur-
face defects such as intergranular 
attack from grain boundary precipitates. 
These defects can be minimized with 
high current densities. Electrical dis-
charge machining uses a spark to 
remove metal from the workpiece that  
is immersed in a dielectric fluid. The 
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Table XII Band sawing nickel alloys. 

Work thickness  Teeth Surface speed Alloy 
group in. mm per in. per mm sfm m/min 

 1/16 1.6 14.0 0.6 105 32 
A 1/4 6.4 10.0 0.4 75 23 
 1 25 8.0 0.3 50 15 
 3 76 6.0 0.2 50 15 
 1/16 1.6 18.0 0.7 125 38 

B 1/4 6.4 14.0 0.6 75 23 
 1 25 10.0 0.4 50 15 
 3 76 8.0 0.3 50 15 
 1/16 1.6 14.0 0.6 90 27 

C 1/4 6.4 12.0 0.5 75 23 
 1 25 10.0 0.4 50 15 
 3 76 8.0 0.3 50 15 
 1/16 1.6 18.0 0.7 75 23 

D 1/4 6.4 12.0 0.5 40 12 
 1 25 10.0 0.4 30 9 
 3 76 8.0 0.3 30 9 

 (Courtesy of Inco Alloys International) 

essential equipment and cost elements 
of this process are otherwise similar  
to electrochemical machining. This 
process will produce a very thin heat-
affected surface layer about 0.0004-
0.005 in. (0.01-0.33mm) thick, but it will 
be relatively independent of underlying 
metallurgical features. 

Chemical milling the nickel alloys 
requires strong acids to achieve practi-
cal metal removal rates. The etchants 
consist of nitric, hydrochloric and 
hydrofluoric acids. A disadvantage of 
this process is the handling and dis-
posal of spent etch and rinse solutions. 
Unfortunately, these acids can also etch 
grain-boundaries and cause pitting in 
the chromium bearing nickel alloys if 
they have been aged in the 1000°F-
1400°F (540°C-760°C) temperature 
range. Therefore, it is preferable to 
chemical mill the age hardening alloys 
in the solution annealed condition. 
Quality control should include a 
metallographic examination of the 
finished surface. Even in the best of 
conditions, chemical milling will lower 
fatigue life slightly, probably because it 
removes work hardened surface layers 

and because incipient grain-boundary 
attack has occurred. 

Sawing
Hacksawing and band sawing are 
appropriate for all alloys except Group 
D-2. The Group D-2 alloys are not 
readily cut by these tools, although 
some limited cutting with them may be 
possible. Hand hacksawing blades 
should be high-speed steel and have 
18-24 teeth per in. (0.7-1.0 tooth/mm), 
raker set, for general work. Power 
hacksaws can be operated at 90 strokes 
per minute for the groups A and B alloys 
and about 60 strokes per minute for 
groups C and D-1. Recommended 
speeds for band sawing are given in 
Table Xll. For both types of sawing, it is 
important that positive feed pressure be 
used so that the teeth constantly bite 
into the work. 

Friction sawing can be used on 
material up to about 1 in. (25mm) thick. 
Blades with raker-set teeth should be 
used having 10 to 18 teeth per in. (0.4-
0.71 mm) depending on material thick-
ness. A blade about 0.125 in. (3mm) 
wider than the material to be cut is 
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Table XIII Friction sawing nickel alloys. 

(Courtesy of Inco Alloys International) 

Alloy Speed Material thickness 
group sfm m/min in mm 

A 
B 
C 

D-1 

10 - 18 
10 - 18 
5 - 12 

6 

3.1 - 5.5 
3.1 - 5.5 
1.5 - 3.7 

1.8 

1/32 
3/16 
1/2 
1 

0.8 
5 
13 
25 

 

preferred. Representative saw speeds 
are given in Table Xlll. 

Abrasive cutoff can be used for all 
nickel alloys. For dry cutting small 
sections up to about 1 in. (25mm), 
aluminum oxide resinoid wheels such  
as A-301-R6-6 and A-602-Q8-B are 
satisfactory. Wet cutting is preferred for 
thicknesses over 1 in. (25mm) and for 
the Groups D-1 and D-2 alloys in all 
thicknesses. Aluminum oxide rubber-
bonded wheels such as A-602-M-R are 
recommended. Water with an inhibitor is 
an adequate cutoff fluid. Speeds should 
be about 5000-5500 sfm (1525-
1675m/min.) and feed the maximum 
permitted by machining capability. 

Plasma-arc cutting, as well as a 
number of advanced methods including 
laser, electron beam, and abrasive 
waterjet machining, may be used on 
nickel alloys. All of these methods avoid 
the difficulties associated with machining 
these strong, work-hardening materials 
and should be considered under 
appropriate conditions. 

Grinding and surface finishing 
The grinding of nickel alloys is done by 
practices similar to those used for steel. 
Grinding can be conducted on the 
difficult-to-machine group D-1 and D-2 
alloys in the aged conditions and is a 
satisfactory alternative to finish machin-
ing. This practice has the further advan- 
tage that thermal distortion from the 
aging treatment can be eliminated 
provided that an allowance is made for 
the size contraction on aging. All alloys 
should be in the stress-equalized condi-
tion before grinding to avoid warpage. 

For best productivity and to avoid surface 
metallurgical damage, grinding should be 
done wet to avoid overheating the surface. 
A solution of 25 gal. (95l) of water and 1 lb. 
(0.5kg) of sal soda, or 50 parts of water to 
one part soluble oil, is suitable for all 
operations other than crush form and 
thread grinding which calls for a good 
grinding oil. An inhibitor of sodium 
chromate can be used in sal soda 
solutions. Silicon carbide grinding wheels 
give the best results on the Groups A, B, 
D-1, and E alloys while aluminum oxide 
wheels traditionally have been used for 
Groups C and D-2. Cubic boron nitride 
(CBN) with oil coolant is now being used to 
grind these difficult alloy groups with very 
good results. In surface grinding, coarse-
grit (46-60) aluminum oxide produces the 
best finish. Vitrified-bond, medium grade 
aluminum oxide wheels with medium-to-
open structures produce the best results 
with crush form grinding. In all cases 
grinding pressures should be great enough 
to produce slight wheel breakdown. When 
accurate final dimensions are required, the 
material should be allowed to cool to room 
temperature before the finishing pass so 
that thermally induced distortion is 
corrected. 

In surface grinding, low wheel contact 
and low pressure help prevent distortion 
especially with annealed material. 
Reciprocating tables are preferred over 
rotary tables because wheel contact is 
reduced. Less heat is generated and, 
therefore, less distortion. In centreless 
grinding, the desired slight breakdown  
of the wheel is controlled by the diam- 
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eter of the work, infeed per pass, and 
the angle and speed of the regulating 
wheel. By taking light cuts, finish 
grinding can be done without redressing 
the wheel after the roughing operation. 

In belt grinding, abrasive practice is 
the same as for wheels. Rough grinding 
can be conducted dry, but finishing 
requires a lubricant such as cottonseed 
oil to which kerosene can be added to 
impart a high flowing characteristic. 
Honing is done with aluminum oxide, 
vitrified bond honing stones of medium- 

to-soft grade. Ample coolant must be 
used, usually of a proprietary oil that 
can be diluted by two to three parts of 
kerosene. Surface speeds are between 
150-250 sfm (45-75 m/min.) and recip-
rocation speeds are between 35-50 sfm 
(11-15m/min.). Honing pressure should 
be about 450 psi (3100kPa). 

Chemical milling and abrasive flow 
machining are methods that may be 
considered for such requirements as 
edge finishing and burr removal on 
nickel alloys. 
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