
CNC Machining
TECHNICAL GUIDE



This comprehensive guide covers the most critical aspects of CNC machining.

CNC (Computer Numerical Control) machining is a subtractive manufacturing process,
where parts are made by removing material from a solid block (called the blank or the
workpiece) using a variety of cutting tools.

This is a fundamentally different way of manufacturing compared to additive (i.e., 3D
printing) or formative (i.e., injection molding) technologies. The material removal
mechanisms have significant implications on the benefits, limitations and design
restrictions of CNC.
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C N C  m i l l i n g  i s  a  p r o c e s s  w h e r e  c o m p u t e r - g u i d e d  t o o l s  r e m o v e  m a t e r i a l  f r o m  a  w o r k p i e c e  t o  f o r m  a  s p e c i f i c  s h a p e  o r  o b j e c t .

I n  c o n t r a s t  t o  a  l a t h e ,  t h e  c u t t i n g  t o o l  i n  C N C  m i l l i n g  r o t a t e s  a n d  m o v e s  a r o u n d  a  s t a t i o n a r y  w o r k p i e c e .

T h e  m a n u f a c t u r i n g  i n d u s t r y  p r i m a r i l y  u s e s  m i l l i n g  t o  c u t  m a t e r i a l s  f r o m  a  w o r k p i e c e ,  c r e a t i n g  a  w i d e  v a r i e t y  o f  i t e m s  i n  d i f f e r e n t  s i z e s
a n d  s h a p e s .  M i l l i n g  m a c h i n e s  a r e  k n o w n  f o r  t h e i r  h i g h  p r e c i s i o n  a n d  t i g h t  t o l e r a n c e s .

U n l i k e  t u r n i n g ,  w h i c h  w o r k s  o n l y  w i t h  c y l i n d r i c a l  p a r t s ,  m i l l i n g  c a n  c r e a t e  a  w i d e  r a n g e  o f  s h a p e s  a n d  c o n t o u r s  i n  m a t e r i a l s  t h a t  a r e
c h a l l e n g i n g  o r  e v e n  i m p o s s i b l e  t o  m a c h i n e  w i t h  o t h e r  m e t h o d s .

C N C  m i l l i n g  o f f e r s  a  n u m b e r  o f  k e y  b e n e f i t s ,  i n c l u d i n g :

CNC Milling

3

Technical Guide: CNC Machining INFORMATION@HPPI.COM | 303-530-3131

S c a l a b i l i t y
C N C  m i l l i n g  i s  v e r s a t i l e  f o r  a n y  p r o d u c t i o n  s i z e ,  f r o m  c u s t o m  p r o j e c t s  t o  m a s s
p r o d u c t i o n .  I t s  r e p e a t a b i l i t y  a n d  s p e e d  m a k e  i t  i d e a l  f o r  p r o t o t y p i n g  a n d  l a r g e -
s c a l e  m a n u f a c t u r i n g ,  r e d u c i n g  c o s t s  a s  p r o d u c t i o n  v o l u m e  i n c r e a s e s .

T o l e r a n c e s
C N C  m i l l i n g  a c h i e v e s  e x c e p t i o n a l  p r e c i s i o n ,  w i t h  t o l e r a n c e s  a s  t i g h t  a s  0 . 0 2 5
m m .  T h i s  l e v e l  o f  a c c u r a c y  i s  e s s e n t i a l  f o r  i n d u s t r i e s  s u c h  a s  a e r o s p a c e ,
a u t o m o t i v e ,  a n d  m e d i c a l  d e v i c e s .

V a r i a b i l i t y
C N C  m i l l i n g  c a n  p r e c i s e l y  c r e a t e  v a r i o u s  f e a t u r e s  s u c h  a s  p o c k e t s ,  t h r e a d s ,
c h a m f e r s ,  s l o t s ,  a n d  c a v i t i e s ,  i n  a d d i t i o n  t o  p r o d u c i n g  d i f f e r e n t  s h a p e s .



S p i n d l e
T h e  s p i n d l e  h o l d s  t h e  c u t t i n g  t o o l  i n  p l a c e

C o n t r o l  p a n e l
T h i s  i s  w h e r e  t h e  c o m p u t e r  i n t e r f a c e  i s  l o c a t e d  a n d  h o w  t h e  o p e r a t o r
c o n t r o l s  t h e  m a c h i n e

C o l u m n
T h e  C o l u m n  i s  t h e  m a i n  f r a m e  a n d  s u p p o r t  o f  t h e  m a c h i n e ;  i t  h o l d s  o t h e r
c o m p o n e n t s  i n  p l a c e

S a d d l e
T h e  s a d d l e  i s  a t t a c h e d  t o  t h e  c o l u m n  o f  t h e  m a c h i n e ;  i t  s u p p o r t s  t h e
w o r k t a b l e

W o r k t a b l e
T h e  w o r k t a b l e  i s  l o c a t e d  o n  t o p  o f  t h e  s a d d l e ;  i t  i s  w h e r e  t h e  o p e r a t o r
p l a c e s  t h e  w o r k p i e c e  a n d  u s e s  a  w o r k h o l d i n g  d e v i c e

B a s e
T h e  b a s e  i s  w h a t  p r o v i d e s  s u p p o r t  f o r  t h e  w h o l e  m a c h i n e  o n  t h e  g r o u n d

Anatomy of a CNC Mill
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T h e  r a n g e  o f  m i l l i n g  m a c h i n e s  i s  v a s t ,  i n c l u d i n g
t y p e s  l i k e  p l a n e r ,  g a n t r y ,  t u r r e t ,  a n d  b e d .
B r o a d l y ,  C N C  m i l l i n g  m a c h i n e s  a r e  c a t e g o r i z e d
i n t o  t w o  m a i n  t y p e s :  v e r t i c a l  m a c h i n i n g  c e n t e r s
( V M C s )  a n d  h o r i z o n t a l  m a c h i n i n g  c e n t e r s  ( H M C s ) .

I n  V M C s ,  t h e  s p i n d l e  s t a y s  f i x e d  w h i l e  t h e  t a b l e
m o v e s  b e n e a t h  i t .  S o m e t i m e s ,  t h e  t a b l e  m o v e s
u p  t o  t h e  s p i n d l e ,  o r  t h e  s p i n d l e  m o v e s  a l o n g  t h e
Z - a x i s .  T h e s e  m a c h i n e s  a r e  v e r y  s t u r d y ,  a l l o w i n g
f o r  p r e c i s e  c o m p o n e n t  p r o d u c t i o n .  H o w e v e r ,
t h e y  h a v e  a  s m a l l e r  w o r k  a r e a .  V M C s  c a n  o p e r a t e
w i t h  3  a x e s ,  4  a x e s ,  o r  5  a x e s .

I n  H M C s ,  t h e  s p i n d l e  i s  p o s i t i o n e d  h o r i z o n t a l l y .
T h e s e  m a c h i n e s  a r e  p e r f e c t  f o r  l o n g  p r o d u c t i o n
r u n s  b e c a u s e  t h e y  c a n  h a n d l e  u p  t o  t h r e e  t i m e s
m o r e  w o r k  t h a n  a  V M C ,  a s  l o n g  a s  t h e r e  i s  e n o u g h
w o r k  t o  k e e p  t h e m  r u n n i n g .  

H o w e v e r ,  H M C s  a r e  m o r e  c o s t l y  t h a n  V M C s .  T h e y
a l l o w  f o r  c o n t i n u o u s  p r o d u c t i o n  s i n c e  a  b l o c k  o f
m a t e r i a l  c a n  b e  s e t  u p  o n  t h e  m a c h i n e  b e d  w h i l e
a n o t h e r  p a r t  i s  b e i n g  m a d e .  T h e  s p i n d l e  c a n
q u i c k l y  s w i t c h  t o  t h e  n e x t  r e a d y  b l o c k ,  m a k i n g
c h a n g e o v e r s  f a s t .  

Types of Milling Machines
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3-Axis Mill
In 3-axis CNC milling machines, the cutting tool or workpiece can move in three directions:
X-axis (left and right), Y-axis (forward and backward), and Z-axis (up and down). To access
specific areas, the workpiece needs to be manually repositioned.

Pros
Straightforward programming
Efficient high-volume production
More cost-effective than using a 5-axis mill

Cons
Requires repositioning for more complex parts
Often can't reach sections of a workpiece
Not well-suited for parts with complex geometries

5-Axis Mill
5-axis mills have two more rotary axes than 3-axis ones, giving the cutting tool access to
more areas through additional movements of the workpiece. 5-axis mills come in two
types: indexed, where the tool pauses as the workpiece rotates, and continuous, where
both rotate simultaneously without stopping.

Pros
No need to reposition the workpiece
High accuracy on parts with complex geometries

Cons
More expensive than 3-axis mills
Larger footprint and more expensive

CNC MILLING



Related Read: How to Choose the Right End Mill
T h e  t o o l s  h a n d l e  a l l  t h e  c u t t i n g  t a s k s .  T h e y  a r e  u s u a l l y  p l a c e d
i n  a  t o o l  h o l d e r  a n d  i n s e r t e d  i n t o  t h e  s p i n d l e  a s  n e e d e d .  

V a r i o u s  t o o l s  a r e  r e q u i r e d  t o  c r e a t e  a  c o m p l e t e  p a r t ,  a s
m a n u f a c t u r i n g  d o e s  n o t  f o l l o w  a  " o n e  s i z e  f i t s  a l l "  m e t h o d .
B e l o w  a r e  t h e  m o s t  c o m m o n l y  u s e d  t o o l s  i n  a  s t a n d a r d
m a c h i n i n g  s e t u p .  

Milling Tools
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E n d  M i l l
A n  e n d  m i l l  i s  a  v e r s a t i l e  t o o l  t h a t  c u t s  i n  t h r e e
d i r e c t i o n s  a n d  c o m e s  i n  s t y l e s  l i k e  f l a t ,  c o r n e r
r a d i u s ,  r o u g h i n g ,  b a l l ,  a n d  t a p e r .  I t  i s  d e f i n e d  b y  i t s
f l u t e s ,  h e l i x  a n g l e s ,  b a s e ,  a n d  c o a t i n g  m a t e r i a l s .

F a c e  M i l l
A  f a c e  m i l l  i s  c r a f t e d  t o  c u t  l a r g e  s u r f a c e  a r e a s ,
k n o w n  a s  f a c i n g .  I t s  c u t t i n g  e d g e s  a r e  o n  t h e  t o o l ' s
p e r i m e t e r ,  a n d  t h e  t e e t h  a r e  t y p i c a l l y  m a d e  o f
c a r b i d e  i n s e r t s .

T h r e a d  M i l l
A  t h r e a d  m i l l  c r e a t e s  t h r e a d s  b y  r o t a t i n g  a r o u n d  t h e
s h a n k  i n  a  h e l i c a l  p a t t e r n  t o  c u t  t h e  t h r e a d  s h a p e .

S l o t t i n g  C u t t e r
T h e s e  c u t t e r s  a r e  d e s i g n e d  t o  c r e a t e  t - s l o t s  a l o n g
a  p a r t ' s  l e n g t h .  D u e  t o  t h e i r  s h a p e ,  t h e y  m u s t  e n t e r
a n d  e x i t  f r o m  a n  o p e n  s i d e  o f  t h e  m a t e r i a l .

CNC MILLING
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W h i l e  m a n y  m i l l i n g  o p e r a t i o n s  a r e  s t r a i g h t f o r w a r d ,  i t ' s  b e n e f i c i a l  t o  e x p l o r e  t h e m  i n  g r e a t e r  d e t a i l .

Milling Operations Milling Ops
Face Milling

Slot Milling

End Milling

Thread Milling

Shoulder Milling

Side Milling

Profile Milling

Gear Milling

Angle Milling

Form Milling

Straddle Milling

Plain Milling
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F a c e  M i l l i n g
F a c e  m i l l i n g  i s  h i g h l y  v a l u e d  i n  m a n u f a c t u r i n g  f o r  c r e a t i n g  p r e c i s e  a n d  s m o o t h  s u r f a c e s ,  e v e n
o n  l a r g e  p i e c e s .  I t  c a n  f o r m  p o c k e t s  a n d  s t e p s  i n  m e t a l  b y  f l a t t e n i n g  a n d  s m o o t h i n g  t h e  t o p .  A
f a c e  m i l l  h a s  c u t t i n g  e d g e s  o n  i t s  d i s k - l i k e  f a c e ,  w h i c h  s h a v e  o f f  m a t e r i a l  h o r i z o n t a l l y  f r o m  a
w o r k p i e c e  u n t i l  t h e  p r e s e t  d e p t h  i s  r e a c h e d .

S l o t  M i l l i n g
S l o t  m i l l i n g  u s e s  a  s l o t  c u t t e r ,  s i m i l a r  t o  a  c i r c u l a r  s a w  b l a d e ,  t o  c r e a t e  s l o t s  l i k e  g r o o v e s  o r
t r e n c h e s .  T h i s  t o o l  c u t s  i n t o  t h e  s i d e s  o f  m a t e r i a l s ,  w h i l e  a n  e n d  m i l l  c a n  a l s o  c u t  o n  i t s  s i d e
a n d  f a c e .  I t  e s s e n t i a l l y  c a r v e s  c h a n n e l s  i n  t h e  m a t e r i a l ,  s u c h  a s  k e y w a y s  a n d  o t h e r  g r o o v e s .

E n d  M i l l i n g
T h e  e n d  m i l l i n g  t o o l  h a s  c u t t i n g  e d g e s  o n  i t s  e n d  a n d  s i d e s ,  e n a b l i n g  i t  t o  c r e a t e  s l o t s ,
p o c k e t s ,  a n d  c o n t o u r s .  T h i s  v e r s a t i l e  t o o l  i s  p o p u l a r  b e c a u s e  i t  c a n  c u t  s t r a i g h t  d o w n  l i k e  a
d r i l l  b i t  a n d  a l s o  m o v e  s i d e w a y s .

T h r e a d  M i l l i n g
T h r e a d  m i l l i n g  c r e a t e s  t h e  s p i r a l  t h r e a d s  o n  s c r e w s  a n d  b o l t s .  T h i s  t o o l ,  w i t h  i t s  m u l t i p l e
c u t t i n g  e d g e s ,  c a n  m a k e  t h r e a d s  i n  d i f f e r e n t  m a t e r i a l s  a n d  s i z e s ,  e v e n  f o r  c o m p l e x  d e s i g n s .  I t
r o t a t e s  a r o u n d  t h e  m a t e r i a l ,  f o l l o w i n g  t h e  t h r e a d  p a t h  t o  c u t  t h e  t h r e a d s .  W h i l e  i t s  m a i n  j o b  i s
t o  c r e a t e  t h r e a d s ,  i t  p e r f o r m s  t h i s  t a s k  e x c e p t i o n a l l y  w e l l .

CNC MILLING



W h i l e  m a n y  m i l l i n g  o p e r a t i o n s  a r e  s t r a i g h t f o r w a r d ,  i t ' s  b e n e f i c i a l  t o  e x p l o r e  t h e m  i n  g r e a t e r  d e t a i l .
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S h o u l d e r  M i l l i n g
S h o u l d e r  m i l l i n g  u s e s  t o o l s  l i k e  e n d  m i l l s  t o  c u t  m a t e r i a l  f r o m  t h e  s i d e  o f  a  w o r k p i e c e ,  f o r m i n g
f l a t ,  9 0 - d e g r e e  a n g l e s  s i m i l a r  t o  s t e p s .

S i d e  M i l l i n g
S i d e  m i l l i n g  u s e s  a  c u t t e r  o r  e n d  m i l l  t o  s h a v e  o f f  t h i n  l a y e r s  f r o m  t h e  s i d e  o f  a  w o r k p i e c e ,
m a k i n g  i t  p e r f e c t  f o r  c r a f t i n g  f l a t  o r  s h a p e d  s u r f a c e s .

P r o f i l e  M i l l i n g
P r o f i l e  m i l l i n g  i s  i d e a l  f o r  c r e a t i n g  c o m p l e x  s h a p e s  a n d  s u r f a c e s ,  u s i n g  t o o l s  t h a t  h a v e
m u l t i p l e  c u t t i n g  e d g e s  a n d  a  b a l l  t i p  f o r  s m o o t h i n g .

G e a r  M i l l i n g
T h i s  m i l l i n g  o p  s p e c i f i c a l l y  m a k e s  g e a r s  a n d  g e a r  t e e t h ,  s u c h  a s  t h o s e  f o u n d  i n  c a r  e n g i n e s  o r
c l o c k s .  I t  e m p l o y s  g e a r  h o b b i n g  o r  m i l l i n g  c u t t e r s  t o  s h a p e  t h e  g e a r  t e e t h  b y  r e m o v i n g
m a t e r i a l .  W h i l e  s i m p l e  g e a r s  c a n  b e  c r a f t e d  w i t h  m a n u a l  m a c h i n e s ,  C N C  m a c h i n e s  a r e
g e n e r a l l y  u s e d  f o r  m o r e  i n t r i c a t e  g e a r s .

CNC MILLING



W h i l e  m a n y  m i l l i n g  o p e r a t i o n s  a r e  s t r a i g h t f o r w a r d ,  i t ' s  b e n e f i c i a l  t o  e x p l o r e  t h e m  i n  g r e a t e r  d e t a i l .
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A n g l e  M i l l i n g
A n g l e  m i l l i n g  s h a p e s  p a r t s  w i t h  b e v e l e d  e d g e s  a n d  a n g l e s .  I t  u s e s  s p e c i a l  t o o l s  l i k e  c o n e -
s h a p e d  o r  f l a t  c u t t e r s  t h a t  c a n  b e  t i l t e d  t o  t h e  n e e d e d  a n g l e .  T h i s  t i l t  i s  a c h i e v e d  w i t h  a  t i l t i n g
a r b o r  o r  a  m a c h i n e  w i t h  f o u r  o r  m o r e  a x e s .

F o r m  M i l l i n g
F o r m  m i l l i n g  c r e a t e s  d e t a i l e d  a n d  c o n t o u r e d  s h a p e s  o n  s u r f a c e s  u s i n g  e i t h e r  s p e c i a l i z e d
c u t t e r s  t h a t  m a t c h  t h e  d e s i r e d  s h a p e  o r  s t a n d a r d  c u t t i n g  t o o l s .  T h i s  p r o c e s s  i s  f r e q u e n t l y
e m p l o y e d  i n  t h e  a u t o m o t i v e ,  a e r o s p a c e ,  a n d  m o l d - m a k i n g  i n d u s t r i e s ,  o f t e n  u t i l i z i n g  C N C
m a c h i n e s .

S t r a d d l e  M i l l i n g
S t r a d d l e  m i l l i n g  u s e s  t w o  m i l l i n g  c u t t e r s  p l a c e d  s i d e  b y  s i d e  o n  a n  a r b o r  t o  c r e a t e  p a r a l l e l
s l o t s ,  g r o o v e s ,  o r  s u r f a c e s  o n  a  m a t e r i a l .  T h i s  d u a l - c u t t e r  s e t u p  a l l o w s  f o r  f a s t e r  c o m p l e t i o n ,
e f f e c t i v e l y  c u t t i n g  t h e  t i m e  i n  h a l f .  I t  i s  c o m m o n l y  u s e d  f o r  k e y w a y  m i l l i n g  a n d  m a c h i n i n g  f l a t
s u r f a c e s  o n  o p p o s i t e  s i d e s  o f  a  s h a f t .

P l a i n  M i l l i n g
P l a i n  m i l l i n g  m a y  n o t  h a v e  a n  e x c i t i n g  n a m e ,  b u t  i t  i s  a n  e s s e n t i a l  m a n u f a c t u r i n g  t e c h n i q u e .  I t
i n v o l v e s  u s i n g  a  f l a t ,  h o r i z o n t a l  c u t t i n g  t o o l  t o  r e m o v e  m a t e r i a l  f r o m  a  s u r f a c e ,  c r e a t i n g
s q u a r e  o r  r e c t a n g u l a r  f e a t u r e s .

CNC MILLING



C N C  t u r n i n g  i s  a  m a c h i n i n g  p r o c e s s  w h e r e  a  l a t h e  i s  u s e d  t o  r o t a t e  t h e  m e t a l  w h i l e  a  c u t t i n g  t o o l  m o v e s  i n  a  l i n e a r  m o t i o n  t o  r e m o v e
m e t a l  a l o n g  t h e  d i a m e t e r ,  c r e a t i n g  a  c y l i n d r i c a l  s h a p e .  T h e  c u t t i n g  t o o l  c a n  b e  a n g l e d  d i f f e r e n t l y  t o  c r e a t e  d i f f e r e n t  f o r m s .

U n l i k e  w o r k i n g  o n  a  m i l l ,  t h e  c u t t i n g  t o o l  i s  p o s i t i o n e d  a g a i n s t  t h e  w o r k p i e c e ,  w h i c h  i s  r o t a t e d  b y  t h e  s p i n d l e .

T u r n i n g  p r o d u c e s  r o t a t i o n a l ,  t y p i c a l l y  a x i - s y m m e t r i c ,  p a r t s  w i t h  m a n y  f e a t u r e s ,  s u c h  a s  h o l e s ,  g r o o v e s ,  t h r e a d s ,  t a p e r s ,  v a r i o u s
d i a m e t e r  s t e p s ,  a n d  e v e n  c o n t o u r e d  s u r f a c e s .

C N C  t u r n i n g  b o a s t s  s e v e r a l  n o t e w o r t h y  a d v a n t a g e s ,  i n c l u d i n g :

CNC Turning
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C o s t  a n d  V o l u m e
L a t h e s  o f f e r  t h e  l o w e s t  c o s t  p e r  p a r t  c o m p a r e d  t o  a l l  o t h e r  C N C  o p e r a t i o n s .
T h e y ’ r e  a l s o  c a p a b l e  o f  v e r y  h i g h  p r o d u c t i o n  r u n s ,  m a k i n g  t h e m  a n  i d e a l
m a c h i n i n g  p r o c e s s  f o r  m a n u f a c t u r e r s  w h o  w a n t  t o  r e d u c e  c o s t s  o n c e  t h e y
p r o g r e s s  p a s t  t h e  p r o t o t y p e  p h a s e .

T o l e r a n c e s
T u r n i n g  c a n  c r e a t e  p a r t s  w i t h  e x t r e m e l y  h i g h  t o l e r a n c e s .  B e c a u s e  o f  t h e  h i g h
t o l e r a n c e s  a n d  s u r f a c e  f i n i s h e s  t h a t  t u r n i n g  c a n  o f f e r ,  t h e  p r o c e s s  i s  o f t e n
u s e d  t o  a d d  p r e c i s i o n  r o t a t i o n a l  f e a t u r e s  t o  a  p a r t  w h o s e  b a s i c  s h a p e  h a s
a l r e a d y  b e e n  f o r m e d  t h r o u g h  a  d i f f e r e n t  m e t h o d .

L a b o r  R e q u i r e m e n t s
T u r n i n g  d o e s  n o t  r e q u i r e  a  h i g h l y  s k i l l e d  o p e r a t o r  o f  t h e  m a c h i n e .  T o  h a n d l e  a
C N C  l a t h e ,  a  m a c h i n i s t  c a n  c o m p l e t e  a  s e t  a m o u n t  o f  c o u r s e w o r k  a n d  e a r n
c e r t i f i c a t i o n  f r o m  a n  a c c r e d i t e d  i n d u s t r i a l  t r a i n i n g  o r g a n i z a t i o n .

D u e  t o  t h e  n a t u r e  o f  C N C  t u r n i n g ,  o n l y  r o t a t a b l e  p a r t s  c a n  b e  u s e d  o n  t h e  m a c h i n e s .  T h i s  c a n  l i m i t  y o u  a s  f a r  a s  w h a t  t y p e s  o f
c o m p o n e n t s  y o u  c a n  s u b j e c t  t o  t u r n i n g  o r  f o r c e  y o u  t o  r e l y  o n  a d d i t i o n a l  p r o c e d u r e s  a n d  m a c h i n e s .
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T o o l  T u r r e t
T h i s  i s  t h e  w o r k i n g  e n d  o f  a  C N C  l a t h e ,  w h e r e  d i f f e r e n t  t o o l s  a r e  p o s i t i o n e d  f o r  v a r i o u s  o p e r a t i o n s .

L a t h e  B e d
T h i s  i s  t h e  m a i n  s t r u c t u r e  t h a t  h o l d s  t h e  m a c h i n e  t o g e t h e r  a n d  s u p p o r t s  t h e  w o r k i n g  p a r t s .

C h u c k
T h e  c h u c k  h o l d s  t h e  w o r k p i e c e  i n  p l a c e  a t  t h e  c e n t e r  o f  t h e  l a t h e ,  a n d  w h i l e  i t  c o n n e c t s  t o  t h e  h e a d s t o c k ,  i t ’ s  a  s e p a r a t e  p i e c e .  

F o o t  P e d a l s
F o o t  s w i t c h e s ,  o r  p e d a l s ,  l e t  o p e r a t o r s  c o n t r o l  m a c h i n e  s e t u p  o r  u n l o a d i n g  w h i l e  k e e p i n g  t h e i r  h a n d s  f r e e .

C o n t r o l  P a n e l s
L a t h e s  h a v e  t w o  m a i n  c o n t r o l  p a r t s :  t h e  m a c h i n e  p a n e l  a n d  t h e  c o n t r o l  p a n e l .  T h e  f o r m e r  a d j u s t s  t h e  t o o l ' s  s e t t i n g s  a n d  c u t t e r  p o s i t i o n
a n d  i s  u s e d  t o  m a k e  s m a l l  m a n u a l  a d j u s t m e n t s  t o  t h e  m a c h i n e ' s  a x e s .  T h e  l a t t e r  i s  f o r  e n t e r i n g  a n d  e d i t i n g  p r o g r a m s .

H e a d s t o c k
T h e  l a t h e  h e a d s t o c k  p o w e r s  t h e  m a c h i n e ,  h o l d i n g  a n d  c e n t e r i n g  t h e  w o r k p i e c e .  

T a i l s t o c k
T h e  t a i l s t o c k ,  p o s i t i o n e d  o p p o s i t e  t h e  h e a d s t o c k ,  s e c u r e s  t h e  w o r k p i e c e ’ s  e n d .  

T a i l s t o c k  Q u i l l
T h e  q u i l l  i s  a  c y l i n d r i c a l  m o u n t  t h a t  h o l d s  t h e  M o r s e  t a p e r  a n d  l e t s  y o u  a t t a c h  c h u c k s ,  d r i l l s ,  a n d
m o r e  t o  t h e  t a i l s t o c k .

Anatomy of a CNC Lathe
CNC TURNING



C N C  t u r n i n g  m a c h i n e s  c o m e  i n  t w o  m a i n  t y p e s :
v e r t i c a l  a n d  h o r i z o n t a l .  A d d i t i o n a l l y ,  i t ' s  c r u c i a l  t o
u n d e r s t a n d  t h e  d i s t i n c t i o n  b e t w e e n  a  C N C  l a t h e
a n d  a  C N C  t u r n i n g  c e n t e r .

A  C N C  t u r n i n g  c e n t e r  c a n  p e r f o r m  v a r i o u s
o p e r a t i o n s ,  w h e r e a s  a  l a t h e  i s  s p e c i f i c a l l y  f o r
t u r n i n g .  A  l a t h e  c u t s  a  r o t a t i n g  w o r k p i e c e ,  a n d
t u r n i n g  i s  t h e  g e n e r a l  t e r m  f o r  t h i s  r o t a t i o n a l
c u t t i n g  p r o c e s s .

Types of Turning Machines

12

Technical Guide: CNC Machining INFORMATION@HPPI.COM | 303-530-3131

T u r n i n g  c e n t e r s  a r e  v e r s a t i l e  m a c h i n e s  w i t h  m u l t i p l e  f u n c t i o n s  a n d  a x e s .  T h e y  c a n  i n c l u d e  a  C - a x i s ,  Y - a x i s ,  a n d  d r i v e n  t o o l s  o n  t h e
t u r r e t ,  a l l o w i n g  t h e m  t o  p e r f o r m  n o t  o n l y  t u r n i n g  b u t  a l s o  m i l l i n g ,  d r i l l i n g ,  a n d  t a p p i n g  o p e r a t i o n s .

A  v e r t i c a l  t u r n i n g  c e n t e r  c o m b i n e s  f e a t u r e s  o f  b o t h  a  t u r n i n g  c e n t e r  a n d  a  v e r t i c a l  l a t h e .  I t  i s  i d e a l  f o r  m a c h i n i n g  s h o r t e r  c o m p o n e n t s
t h a t  d o  n o t  n e e d  a  s u b - s p i n d l e ,  t a i l s t o c k ,  o r  b o t t o m  t u r r e t ,  h e l p i n g  t o  m i n i m i z e  t h e  m a c h i n e ' s  f o o t p r i n t .

CNC TURNING



Types of Turning Machines
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Horizontal Lathe
In CNC turning, a horizontal lathe is the most
commonly used lathe and, as the name implies,
features a spindle set horizontally.

A horizontal spindle allows the workpiece to be
placed between the headstock and tailstock.

Horizontal lathes are adaptable and can
manage various sizes and shapes of
workpieces.

The horizontal setup simplifies loading and
unloading workpieces and conducting
different machining tasks.

Well suited for producing shafts, rods, tubes,
and other cylindrical parts.

Vertical Lathe
As its name hints at, vertical lathes have a
spindle that is set vertically.

This makes it easier to manage larger and
heavier workpieces and manage chip removal
more effectively since gravity helps clear the
work area.

The workpiece is placed on a rotating table that
can hold large and heavy items.

The design offers greater stability for
machining large parts, minimizing deflection
and vibration risks.

Well-suited for producing large-diameter
components like wheels, gears, and large
bearings.

Swiss Lathe
A Swiss lathe is a specialized lathe that's used
for machining small, cylindrical components.

The workpiece moves along the Z-axis while the
cutting tools remain stationary, improving
precision and stability.

A guide bushing stabilizes the workpiece,
enhancing accuracy by minimizing deflection
and vibration.

Swiss lathes have several tool stations for
quicker and simultaneous machining.

Well-suited for producing screws, pin, and
other small components with complex
geometries.

CNC TURNING



O D  R o u g h e r
A n  O D  r o u g h e r  i s  a  t o o l  u s e d  f o r  r o u g h i n g  o p e r a t i o n s  o n  t h e  o u t e r  d i a m e t e r  ( O D )  o f  a  w o r k p i e c e .

O D  F i n i s h e r
A n  O D  f i n i s h e r  r e f e r s  t o  a  t o o l  u s e d  f o r  f i n i s h i n g  o p e r a t i o n s  o n  t h e  o u t e r  d i a m e t e r  ( O D )  o f  a
w o r k p i e c e .

O D  G r o o v e r
A n  O D  g r o o v e r  i s  a  s p e c i a l i z e d  t o o l  u s e d  f o r  c r e a t i n g  g r o o v e s  o n  t h e  o u t e r  d i a m e t e r  ( O D )  o f  a
c y l i n d r i c a l  w o r k p i e c e .

F a c e  G r o o v e r
A  f a c e  g r o o v e r  i s  a  s p e c i a l t y  t o o l  t h a t ’ s  u s e d  f o r  c r e a t i n g  g r o o v e s  o n  t h e  f a c e  o f  a  w o r k p i e c e .  

T h r e a d e r
A  t h r e a d e r  i s  a  s p e c i a l t y  t o o l  u s e d  f o r  c u t t i n g  t h r e a d s  o n  t h e  o u t e r  o r  i n n e r  s u r f a c e s  o f  a  c y l i n d r i c a l
w o r k p i e c e .

D r i l l s  a n d  T a p s
D r i l l s  a r e  u s e d  t o  c r e a t e  h o l e s  i n  w o r k p i e c e s ,  w h i l e  t a p s  a r e  u s e d  t o  c u t  i n t e r n a l  t h r e a d s  i n  a  p r e -
d r i l l e d  h o l e .

I D  G r o o v e r
I D  g r o o v e r s  a r e  u s e d  t o  c r e a t e  g r o o v e s  o n  t h e  i n n e r  d i a m e t e r  ( I D )  o f  a  c y l i n d r i c a l  w o r k p i e c e .

I D  B o r i n g  B a r
I D  b o r i n g  b a r s  a r e  s p e c i a l t y  t o o l s  t h a t  e n l a r g e  a n d  f i n i s h  t h e  i n n e r  d i a m e t e r  o f  a  c y l i n d r i c a l  p a r t .

T h e  t o o l s  h a n d l e  a l l  t h e
c u t t i n g  t a s k s .  T h e y  a r e
u s u a l l y  p l a c e d  i n  a  t o o l
h o l d e r  a n d  i n s e r t e d  i n t o
t h e  s p i n d l e  a s  n e e d e d .

V a r i o u s  t o o l s  a r e  r e q u i r e d
t o  c r e a t e  a  c o m p l e t e  p a r t ,
a s  t h e r e  i s  n o  u n i v e r s a l
s o l u t i o n  i n  m a n u f a c t u r i n g .

Turning Tools
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CNC TURNING



T h e  t u r n i n g  p r o c e s s  u s e s  a  l a t h e  m a c h i n e  t o  m o v e  t h e  c u t t i n g  t o o l  i n  a  s t r a i g h t  l i n e  a l o n g  t h e
r o t a t i n g  w o r k p i e c e .  T h i s  r e m o v e s  m a t e r i a l  a r o u n d  t h e  e d g e  u n t i l  t h e  d e s i r e d  d i a m e t e r  i s  r e a c h e d ,
a l l o w i n g  f o r  t h e  c r e a t i o n  o f  c y l i n d r i c a l  p a r t s  w i t h  f e a t u r e s  l i k e  s l o t s ,  t a p e r s ,  a n d  t h r e a d s .

Turning Operations
Turning Ops
Straight Turning

Facing

Drilling

Boring

Taper Turning

Grooving

Parting

Knurling

Threading
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S t r a i g h t  T u r n i n g
S t r a i g h t  t u r n i n g  r e d u c e s  t h e  w o r k p i e c e  d i a m e t e r  e v e n l y  t o  e n s u r e  c o n s i s t e n c y .  I t  i s  t y p i c a l l y  a
" r o u g h i n g "  p r o c e s s  t h a t  r e m o v e s  l a r g e  a m o u n t s  o f  m a t e r i a l  b e f o r e  p r e c i s i o n  c u t t i n g .

F a c i n g
F a c i n g ,  o r  f a c e  t u r n i n g ,  i s  a  m e t h o d  t o  c r e a t e  a  f l a t  s u r f a c e  a t  a  r i g h t  a n g l e  t o  t h e  w o r k p i e c e ' s
r o t a t i o n .  T h e  t o o l  i s  s e c u r e d  i n  a  h o l d e r  o n  t h e  l a t h e ' s  c a r r i a g e .  I t  m o v e s  a c r o s s  t h e  p a r t ' s
r o t a t i o n a l  a x i s .  F a c e  t u r n i n g  c a n  b e  d o n e  a s  a n  i n i t i a l  r o u g h  c u t  o r  a  f i n a l  f i n i s h i n g  c u t .

D r i l l i n g
D r i l l i n g  c a n  b e  p e r f o r m e d  u s i n g  a  l a t h e  o r  a  t u r n i n g  c e n t e r .  A d v a n c e d  t u r n i n g  c e n t e r s  a l l o w
d r i l l i n g  i n  v a r i o u s  o r i e n t a t i o n s ,  n o t  j u s t  a l o n g  t h e  c e n t r a l  a x i s .

B o r i n g
B o r i n g  i s  u s e d  a f t e r  d r i l l i n g  t o  m a k e  a  h o l e  l a r g e r .  T h e  t o o l  e n t e r s  t h e  e x i s t i n g  h o l e  a n d
r e m o v e s  m a t e r i a l  f r o m  i t s  i n n e r  w a l l .

CNC TURNING



Turning Operations
Turning Ops
Straight Turning

Facing

Drilling

Boring

Taper Turning

Grooving

Parting

Knurling

Threading

16

Technical Guide: CNC Machining INFORMATION@HPPI.COM | 303-530-3131

CNC TURNING

T a p e r  T u r n i n g
T a p e r  t u r n i n g  c r e a t e s  a  c y l i n d e r  w i t h  a  d i a m e t e r  t h a t  g r a d u a l l y  d e c r e a s e s .

G r o o v i n g
G r o o v i n g  i s  d o n e  w h e n  a  s h a p e d  t o o l  i s  p r e s s e d  i n t o  t h e  c o m p o n e n t  g o u g e  t o  f o r m  a  n a r r o w
c a v i t y .  G r o o v i n g  i s  t y p i c a l l y  u s e d  t o  c r e a t e  f e a t u r e s  l i k e  O - r i n g  o r  c i r c l i p  g r o o v e s  a n d
c o n t o u r i n g  o p e r a t i o n s .  A  g r o o v i n g  t o o l  i s  s o m e t i m e s  a l s o  c a l l e d  a  p a r t i n g - o f f  t o o l  a n d  i s  u s e d
t o  r e m o v e  t h e  c o m p l e t e d  p a r t  f r o m  t h e  w o r k p i e c e  s t o c k .

P a r t i n g
P a r t i n g  i n v o l v e s  c u t t i n g  d e e p l y  i n t o  t h e  m a t e r i a l  t o  s e p a r a t e  t h e  f i n i s h e d  p i e c e  f r o m  t h e
o r i g i n a l  s t o c k .

K n u r l i n g
K n u r l i n g  c r e a t e s  a  d i a m o n d  p a t t e r n  o n  t h e  o u t e r  s u r f a c e  o f  a  p a r t  b y  c o m p r e s s i n g  t h e
m a t e r i a l ,  n o t  c u t t i n g  i t .  T h i s  t e c h n i q u e  i s  p r i m a r i l y  u s e d  t o  e n h a n c e  g r i p  o n  p a r t s ,  e s p e c i a l l y
t h o s e  r e q u i r i n g  e x t r a  t r a c t i o n .

T h r e a d i n g
T h r e a d i n g  i n v o l v e s  c r e a t i n g  g r o o v e s  i n  a  h o l e  o r  o n  t h e  o u t e r  s u r f a c e  o f  a  w o r k p i e c e ,  a l l o w i n g
i t  t o  b e  s c r e w e d  i n t o  o t h e r  o b j e c t s .



G e o m e t r i c  D i m e n s i o n i n g  a n d  T o l e r a n c i n g  ( G D & T )  p r o v i d e s  a
d i f f e r e n t  m e t h o d  f o r  d e f i n i n g  d i m e n s i o n s  a n d  t o l e r a n c e s
c o m p a r e d  t o  t r a d i t i o n a l  p l u s / m i n u s  t o l e r a n c i n g .  W h i l e  e n g i n e e r s
c r e a t e  p a r t s  w i t h  i d e a l  g e o m e t r y  i n  C A D ,  t h e  r e a l i t y  i s  t h a t
m a n u f a c t u r e d  p a r t s  a r e  n e v e r  f l a w l e s s .

U s i n g  G D & T  c o r r e c t l y  e n h a n c e s  q u a l i t y  a n d  c u t s  d o w n  o n  d e l i v e r y
t i m e  a n d  c o s t s .  I t  d o e s  t h i s  b y  o f f e r i n g  a  u n i v e r s a l  l a n g u a g e  t o
c l e a r l y  c o n v e y  d e s i g n  i n t e n t i o n s  a n d  b y  c o n c e n t r a t i n g  o n
f u n c t i o n a l  i n t e r f a c e s  f o r  p a r t  t o l e r a n c i n g .

T h e s e  a r e  t h e  m a i n  b e n e f i t s  o f  u s i n g  G D & T :

S t a n d a r d i z e d  d e s i g n  l a n g u a g e
C l e a r ,  p r e c i s e ,  a n d  c o n s i s t e n t  c o m m u n i c a t i o n  b e t w e e n
c u s t o m e r s ,  s u p p l i e r s ,  a n d  p r o d u c t i o n  t e a m s
M e t h o d  f o r  c a l c u l a t i n g  t h e  w o r s t - c a s e  m a t i n g  l i m i t s
R e p e a t a b l e  p r o d u c t i o n  a n d  i n s p e c t i o n  p r o c e s s e s
A s s e m b l y  i s  a s s u r e d  f r o m  q u a l i f i e d  p r o d u c t i o n  p a r t s

A  t h o r o u g h  u n d e r s t a n d i n g  o f  G D & T  w i l l  s i g n i f i c a n t l y  i m p r o v e
c o m m u n i c a t i o n  w i t h  y o u r  m a n u f a c t u r i n g  a n d  q u a l i t y  c o n t r o l  t e a m s
o r  s u p p l i e r ,  i n c r e a s e  t h e  q u a l i t y  o f  y o u r  p a r t s ,  a n d  r e d u c e  c o s t s .

Geometric Dimension and Tolerancing
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Datums and Features
A  d a t u m  i s  a  t h e o r e t i c a l  e x a c t  p l a n e ,  a x i s ,  o r  p o i n t  l o c a t i o n  t h a t  s e r v e s
a s  a  r e f e r e n c e  p o i n t  f o r  m e a s u r e m e n t s  o n  m a c h i n e d  c o m p o n e n t s .
D a t u m s  e n s u r e  t h a t  p a r t s  a r e  m a n u f a c t u r e d  c o n s i s t e n t l y  a n d
a c c u r a t e l y .

P r i m a r y  d a t u m :  T h i s  i s  t h e  f i r s t  d a t u m  f e a t u r e  u s e d  t o  e s t a b l i s h  t h e
d a t u m  r e f e r e n c e  f r a m e .  I t  i s  t h e  m o s t  c r i t i c a l  d a t u m  a n d  i s  u s u a l l y
c h o s e n  b a s e d  o n  t h e  f u n c t i o n  o f  t h e  p a r t  i n  t h e  a s s e m b l y .  T h e  p r i m a r y
d a t u m  p r o v i d e s  t h e  m a i n  r e f e r e n c e  f o r  a l l  o t h e r  m e a s u r e m e n t s  

S e c o n d a r y  d a t u m :  T h i s  d a t u m  f e a t u r e  i s  u s e d  i n  c o n j u n c t i o n  w i t h  t h e
p r i m a r y  d a t u m  t o  f u r t h e r  d e f i n e  t h e  d a t u m  r e f e r e n c e  f r a m e .  I t
p r o v i d e s  a d d i t i o n a l  o r i e n t a t i o n  a n d  l o c a t i o n  r e f e r e n c e s  f o r  t h e  p a r t  

T e r t i a r y  d a t u m :  T h i s  i s  t h e  t h i r d  d a t u m  f e a t u r e  u s e d  t o  c o m p l e t e  t h e
d a t u m  r e f e r e n c e  f r a m e .  I t  p r o v i d e s  t h e  f i n a l  o r i e n t a t i o n  a n d  l o c a t i o n
r e f e r e n c e s ,  e n s u r i n g  t h a t  t h e  p a r t  i s  f u l l y  c o n s t r a i n e d  i n  a l l  d e g r e e s  o f
f r e e d o m
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F e a t u r e s ,  a l s o  k n o w n  a s  d a t u m  f e a t u r e s ,  a r e  t h e  a c t u a l  p h y s i c a l  f e a t u r e s  o n  t h e  p a r t  t h a t  a r e  u s e d  t o  e s t a b l i s h  t h e  d a t u m s .  T h e y  c a n  b e
p o i n t s ,  l i n e s ,  p l a n e s ,  o r  a  c o m b i n a t i o n .

T h e s e  f e a t u r e s  c a n  i n c l u d e  s u r f a c e s ,  e d g e s ,  h o l e s ,  s l o t s ,  a n d  o t h e r  g e o m e t r i c  e l e m e n t s  t h a t  d e f i n e  t h e  p a r t ’ s  s h a p e  a n d  f u n c t i o n a l i t y .

GD&T
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Feature Control Frame
GD&T

T h e  F e a t u r e  C o n t r o l  F r a m e  ( F C F )  i s  a  r e c t a n g u l a r  b o x
t h a t  c o n t a i n s  t h e  g e o m e t r i c  c h a r a c t e r i s t i c s  a n d
t o l e r a n c e  i n f o r m a t i o n  f o r  a  f e a t u r e  o n  a  p a r t .  I t  i s  a
c r i t i c a l  e l e m e n t  i n  G D & T  b e c a u s e  i t  c o m m u n i c a t e s  h o w
m u c h  v a r i a t i o n  i s  a l l o w e d  i n  t h e  g e o m e t r y  o f  a  p a r t
f e a t u r e  a n d  h o w  t h a t  f e a t u r e  r e l a t e s  t o  o t h e r  f e a t u r e s .

E a c h  f r a m e  c a n  h o l d  o n l y  o n e  s y m b o l .  I f  a  f e a t u r e  h a s
t w o  r e q u i r e m e n t s ,  u s e  e i t h e r  t w o  s e p a r a t e  f r a m e s  o r  a
c o m p o s i t e  t o l e r a n c e .  T h e  s y m b o l  i n d i c a t e s  t h e  t y p e  o f
c o n t r o l  a p p l i e d  t o  t h e  f e a t u r e .

T h e  s e c o n d  p a r t  o f  a  f e a t u r e  c o n t r o l  f r a m e  s h o w s  t h e
c o m p l e t e  t o l e r a n c e  f o r  t h e  f e a t u r e .  T h i s  t o l e r a n c e  i s
a l w a y s  a  t o t a l  v a l u e ,  n o t  a  p l u s / m i n u s  r a n g e .

I f  t h e  t o l e r a n c e  h a s  a  d i a m e t e r  s y m b o l  (⌀ )  b e f o r e  i t ,
i m a g i n e  t h e  t o l e r a n c e  z o n e  a s  a  c i r c u l a r  o r  c y l i n d r i c a l
a r e a — c o m m o n l y  u s e d  f o r  h o l e  p o s i t i o n i n g .  W i t h o u t  t h i s
s y m b o l ,  t h e  t o l e r a n c e  z o n e  d e f a u l t s  t o  p a r a l l e l  p l a n e s ,
t y p i c a l l y  u s e d  f o r  p o s i t i o n i n g  s l o t s  o r  s u r f a c e  p r o f i l e s .

A  t y p i c a l  F e a t u r e  C o n t r o l  F r a m e  i s  d i v i d e d  i n t o
c o m p a r t m e n t s ,  e a c h  c o n t a i n i n g  s p e c i f i c  i n f o r m a t i o n :

G e o m e t r i c  C h a r a c t e r i s t i c  S y m b o l :  T h i s  i s  t h e  f i r s t
c o m p a r t m e n t  a n d  i n d i c a t e s  t h e  t y p e  o f  c o n t r o l  b e i n g
a p p l i e d  ( e . g . ,  f l a t n e s s ,  p o s i t i o n ,  p e r p e n d i c u l a r i t y ) .

T o l e r a n c e  V a l u e :  T h e  s e c o n d  c o m p a r t m e n t  s h o w s  t h e
t o l e r a n c e  a m o u n t  a n d  a n y  m o d i f i e r s  ( l i k e  M M C  –
M a x i m u m  M a t e r i a l  C o n d i t i o n ) .

D a t u m  R e f e r e n c e s  ( i f  a p p l i c a b l e ) :  T h e  f o l l o w i n g
c o m p a r t m e n t s  l i s t  t h e  d a t u m  f e a t u r e s  ( A ,  B ,  C ,  e t c . )
t h a t  t h e  c o n t r o l l e d  f e a t u r e  i s  r e f e r e n c e d  t o ,  i n  o r d e r  o f
p r e c e d e n c e .
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Feature Control Frame
A f t e r  t h e  f e a t u r e  t o l e r a n c e  i n  t h e  f e a t u r e  c o n t r o l  f r a m e ,  y o u  m i g h t  s e e
a  m a t e r i a l  c o n d i t i o n  m o d i f i e r  l i k e  M a x  M a t e r i a l  C o n d i t i o n  ( M M C )  o r
L e a s t  M a t e r i a l  C o n d i t i o n  ( L M C )  f o r  f e a t u r e s  o f  s i z e ,  s u c h  a s  h o l e s .  I f
n o  m o d i f i e r  i s  s p e c i f i e d ,  t h e  d e f a u l t  i s  R F S  ( R e g a r d l e s s  o f  F e a t u r e
S i z e ) ,  t h o u g h  i t ' s  n o t  s h o w n  i n  t h e  f r a m e .  F o r  n o n - s i z e  f e a t u r e s ,  l i k e
p l a n e  s u r f a c e s ,  t h e s e  m o d i f i e r s  a r e n ' t  u s e d .

T h e  r e m a i n i n g  s e c t i o n s  o f  t h e  f e a t u r e  c o n t r o l  f r a m e  w i l l  i n c l u d e  d a t u m
f e a t u r e  r e f e r e n c e s  i f  n e e d e d .  F o r  i n s t a n c e ,  i f  a  f o r m  t o l e r a n c e  l i k e
f l a t n e s s  o r  s t r a i g h t n e s s  i s  s p e c i f i e d ,  n o  d a t u m  r e f e r e n c e  i s  u s e d .
C o n v e r s e l y ,  i f  a  l o c a t i o n  t o l e r a n c e ,  s u c h  a s  p o s i t i o n ,  i s  s p e c i f i e d ,
d a t u m  r e f e r e n c e s  a r e  t y p i c a l l y  i n c l u d e d .

GD&T

T h e  o r d e r  o f  d a t u m  r e f e r e n c e s  i s  b a s e d  o n  t h e i r  i m p o r t a n c e ,  n o t  t h e  a l p h a b e t .  T h e y  a r e  r e a d  f r o m  l e f t  t o  r i g h t  a s  p r i m a r y ,  s e c o n d a r y ,
a n d  t e r t i a r y .  T y p i c a l l y ,  D a t u m  A  i s  t h e  p r i m a r y ,  f o l l o w e d  b y  B  a n d  C .

T h e  p r i m a r y  f e a t u r e  i s  t h e  f i r s t  t o  m a k e  c o n t a c t ,  r e q u i r i n g  a t  l e a s t  t h r e e  p o i n t s  o f  c o n t a c t .  T h e  s e c o n d a r y  f e a t u r e  i s  t h e  n e x t ,  n e e d i n g
a t  l e a s t  t w o  p o i n t s ,  a n d  t h e  t e r t i a r y  f e a t u r e  i s  t h e  l a s t ,  w i t h  a t  l e a s t  o n e  p o i n t  o f  c o n t a c t .  

W h e n  a l l  t h r e e  d a t u m  f e a t u r e s  a r e  c o n t a c t e d  s i m u l t a n e o u s l y ,  t h e y  f o r m  t h r e e  p e r p e n d i c u l a r  d a t u m  p l a n e s ,  k n o w n  a s  t h e  D a t u m
R e f e r e n c e  F r a m e  ( D R F ) .  T h e  D R F  i s  e s t a b l i s h e d  u s i n g  D a t u m  S i m u l a t o r s ,  w h i c h  i n c l u d e  m a n u f a c t u r i n g ,  p r o c e s s i n g ,  a n d  i n s p e c t i o n  t o o l s
l i k e  a  s u r f a c e  p l a t e ,  c o l l e t ,  t h r e e - j a w  c h u c k ,  o r  g a g e  p i n .



W h e n  d e f i n i n g  g e o m e t r i c  c o n t r o l s ,  i t ' s  i m p o r t a n t  t o  s p e c i f y  t h a t  a
t o l e r a n c e  i s  l i n k e d  t o  a  f e a t u r e ' s  s i z e .  E n g i n e e r s  u s e  M a x i m u m
M a t e r i a l  C o n d i t i o n  ( M M C )  a n d  L e a s t  M a t e r i a l  C o n d i t i o n  ( L M C )  t o
e x p r e s s  t h i s  r e q u i r e m e n t .

T h e s e  m a t e r i a l  c o n d i t i o n  m o d i f i e r s  a r e  p l a c e d  i n  a  f e a t u r e  c o n t r o l
f r a m e  a f t e r  t h e  f e a t u r e  t o l e r a n c e .  U s i n g  M M C  a n d  L M C  m o d i f i e r s
a l l o w s  f o r  e x t r a  g e o m e t r i c  t o l e r a n c e ,  k n o w n  a s  " b o n u s "  t o l e r a n c e ,
w h e n  f e a t u r e s  m o v e  a w a y  f r o m  t h e  s p e c i f i e d  c o n d i t i o n .

Material Condition Modifiers
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M a x i m u m  M a t e r i a l  C o n d i t i o n  ( M M C )
T h e  c o n d i t i o n  w h e r e  a  f e a t u r e  h o l d s  t h e  m o s t  m a t e r i a l
p o s s i b l e  w i t h i n  s p e c i f i e d  s i z e  l i m i t s ,  s u c h  a s  t h e  l a r g e s t  p i n
o r  t h e  s m a l l e s t  h o l e .

L e a s t  M a t e r i a l  C o n d i t i o n  ( L M C )
T h e  c o n d i t i o n  w h e r e  t h e  f e a t u r e  c o n t a i n s  t h e  l e a s t  m a t e r i a l
w i t h i n  t h e  s t a t e d  l i m i t s  o f  s i z e .  ( e x :  s m a l l e s t  p i n  a n d / o r
l a r g e s t  h o l e ) .

GD&T



G D & T  i s  a  s y s t e m  w h e r e  a l l  e n g i n e e r e d  p a r t s  a r e  m a d e  u p  o f  f e a t u r e s .
G e o m e t r i c  t o l e r a n c e s  a r e  s e t  o n  t h e s e  f e a t u r e s  u s i n g  f e a t u r e  c o n t r o l  f r a m e s ,
w h i c h  u s e  s y m b o l s  t o  s h o w  t h e  a l l o w e d  t o l e r a n c e .

T h e s e  c h a r a c t e r i s t i c s  a n d  t h e i r  s y m b o l s  f a l l  i n t o  f o u r  m a i n  c a t e g o r i e s  ( o r
c h a r a c t e r i s t i c s  o f  f e a t u r e s ) :  f o r m ,  o r i e n t a t i o n ,  l o c a t i o n ,  a n d  r u n o u t .

F o r m  t o l e r a n c e s  c o n t r o l  t h e  “ s h a p e ”  o f  f e a t u r e s  a n d  a r e  o f t e n  u s e d  a s  a
r e f i n e m e n t  o f  s i z e ,  w h i c h  m e a n s  t h e y  d o  n o t  r e q u i r e  a  d a t u m  r e f e r e n c e .

O r i e n t a t i o n  t o l e r a n c e s  c o n t r o l  t h e  " t i l t "  o f  f e a t u r e s ,  l i n k  t o  b a s i c  a n g l e
d i m e n s i o n s ,  a n d  r e f i n e  l o c a t i o n .  B e c a u s e  o r i e n t a t i o n  G D & T  i s  r e l a t i v e ,  t h e s e
f e a t u r e  c o n t r o l  f r a m e s  a l w a y s  r e f e r e n c e  a  d a t u m .  W h e n  a p p l i e d  t o  s u r f a c e s ,
o r i e n t a t i o n  t o l e r a n c e s  m a n a g e  f o r m .

L o c a t i o n  t o l e r a n c e s  c o n t r o l  t h e  l o c a t i o n  a n d  a r e  l i n k e d  t o  b a s i c  l i n e a r
d i m e n s i o n s .  L o c a t i o n  G D & T  c a n  p o s i t i o n  a  f e a t u r e  o r  i t s  s i z e  b a s e d  o n  t h e
f e a t u r e  i t s e l f  o r  a  s e t  o f  d e r i v e d  m e d i a n  p o i n t s .  T h e s e  c h a r a c t e r i s t i c s  a r e
h i g h l y  v e r s a t i l e  a n d  p o w e r f u l ,  a l l o w i n g  c o n t r o l  o v e r  s i z e ,  f o r m ,  a n d
o r i e n t a t i o n  w i t h i n  a  s i n g l e  f e a t u r e  c o n t r o l  f r a m e .

R u n o u t  t o l e r a n c e s  c o n t r o l  t h e  f u n c t i o n a l  a n d  r o t a t i o n a l  a c c u r a c y  o f  a  p a r t
f e a t u r e ,  u s u a l l y  c y l i n d r i c a l  o r  r o t a t i o n a l  p a r t s ,  b y  l i m i t i n g  h o w  m u c h  a  s u r f a c e
o r  f e a t u r e  c a n  d e v i a t e  a s  i t  s p i n s  a r o u n d  a  d a t u m  a x i s .

Symbols
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Symbols
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Angularity

Controls the deviation of a line on a surface or
an axis within a tolerance zone that is defined
by two parallel lines a distance apart; no datum
required.

GD&T

Orientation tolerances control the "tilt" of features, link to basic angle dimensions, and refine location. Because orientation GD&T is relative, these feature
control frames always reference a datum. When applied to surfaces, orientation tolerances manage form.

Parallelism

Controls parallelism between two parallel
surfaces, with two parallel planes (both parallel
to the datum feature) acting as the tolerance
zone.

Perpendicularity

Controls perpendicularity between two 90-
degree surfaces, with two parallel planes
(both perpendicular to the datum feature)
serving as the tolerance zone.



Symbols
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Position

Also known as True Position, it controls how far
a feature of size can deviate from where it
should be; the acceptable area is generally
defined by a circular or cylindrical tolerance
zone.

GD&T

Location tolerances control the location and are linked to basic linear dimensions. Location GD&T can position a feature or its size based on the feature itself or a
set of derived median points. These characteristics are highly versatile and powerful, allowing control over size, form, and orientation within a single feature
control frame.

Surface Profile

A 3D tolerance zone that defines where the
surface needs to be located; it can also be
applied to curved surfaces.

Line Profile

A 2D tolerance zone that defines the profile
along a 2D cross section of a surface.



Symbols
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Total Runout

Controls the acceptable variation in a surface when it’s rotated 360
degrees around a central axis (the datum feature); the tolerance zone is
defined by two concentric cylinders.

GD&T

Runout tolerances control the functional and rotational accuracy of a part feature, usually cylindrical or rotational parts, by limiting how much a surface or feature
can deviate as it spins around a datum axis.

Circular Runout

The 2D version of Total Runout.



Related Read: 10 GD&T Best Practices

T o l e r a n c e s  r e f e r  t o  t h e  p e r m i s s i b l e  r a n g e  o f  v a r i a t i o n
i n  a  d i m e n s i o n  t h a t  e n s u r e s  a  p a r t  f i t s  a n d  f u n c t i o n s
c o r r e c t l y .  A c c o r d i n g  t o  A S M E ,  e n g i n e e r i n g  t o l e r a n c e
i s  t h e  t o t a l  a l l o w a b l e  d e v i a t i o n  f r o m  a  d i m e n s i o n ' s
b a s i c  v a l u e .

T o l e r a n c e s  a r e  c h e c k e d  d u r i n g  t h e  q u a l i t y  i n s p e c t i o n
a f t e r  C N C  m a c h i n i n g .  T h e y  g u i d e  t h e  c h o i c e  o f
m a n u f a c t u r i n g  m e t h o d s  n e e d e d  f o r  a  p a r t .  T i g h t e r
t o l e r a n c e s  m i g h t  n e e d  a d v a n c e d  e q u i p m e n t  o r  e x t r a
p r o c e s s i n g  t o  m e e t  t h e  r e q u i r e d  d i m e n s i o n s .
F o r  C N C  m a c h i n e d  p a r t s ,  v a r i o u s  t y p e s  o f  t o l e r a n c e s
c a n  b e  d e f i n e d  a n d  u s e d .

Tolerances
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I n  C N C  m a c h i n i n g ,  " t o l e r a n c e "  r e f e r s  t o
h o w  p r e c i s e l y  a  m a c h i n e  c a n  s h a p e  a  p a r t .
C N C  m a c h i n e s  a r e  i n c r e d i b l y  p r e c i s e ,  w i t h
s o m e  a c h i e v i n g  a n  a c c u r a c y  o f  ±
0 . 0 0 2 5 m m ,  a b o u t  a  q u a r t e r  o f  a  h u m a n
h a i r ' s  w i d t h .  H o w e v e r ,  t o l e r a n c e s  d i f f e r
a m o n g  m a c h i n e s  a n d  a r e  t y p i c a l l y  s e t  b y
t h e  m a n u f a c t u r e r ,  w i t h  0 . 0 2 m m  b e i n g  a
c o m m o n  s t a n d a r d .  C N C  s e r v i c e  p r o v i d e r s
a l s o  i n f o r m  c u s t o m e r s  a b o u t  t h e i r
m a c h i n e s '  t o l e r a n c e s .

I n  d e s i g n  a n d  m a n u f a c t u r i n g ,  t o l e r a n c e
r e f e r s  t o  t h e  a l l o w a b l e  r a n g e  o f  s i z e
v a r i a t i o n s  f o r  a  p a r t  t h a t  s t i l l  e n s u r e s  i t
w o r k s  p r o p e r l y .  D e s i g n e r s  s e t  t h e s e
t o l e r a n c e s  b a s e d  o n  t h e  p a r t ' s  f u n c t i o n ,  f i t ,
a n d  f o r m .  T o l e r a n c e s  a r e  v i t a l  f o r  p a r t s  t h a t
c o n n e c t  o r  i n t e r a c t  w i t h  o t h e r s .  F o r
i n s t a n c e ,  p a r t s  o f  a n  e l e c t r i c  e n g i n e
r e q u i r e  t i g h t e r  t o l e r a n c e s  t h a n  a  d o o r
h a n d l e  b e c a u s e  t h e y  h a v e  m o r e  f e a t u r e s
t h a t  n e e d  t o  f i t  t o g e t h e r  p r e c i s e l y .
T o l e r a n c e s  a r e  i n d i c a t e d  b y  a  n u m b e r  n e x t
t o  t h e  r e l e v a n t  d i m e n s i o n .

Types of CNC Machining Tolerances
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Standard Tolerances
Standard tolerances are widely used to define how much a CNC machined part's dimensions can
vary. These tolerances might represent what a machine shop can produce without extra cost or
serve as a general variation applied to an entire drawing, as noted in a title block or note, unless
specified otherwise in the drawing or on certain features.

TOLERANCES

Limit Tolerances
A limit tolerance is the specified minimum and maximum dimension allowed on a drawing. Also
known as limits of size, these provide the upper and lower size limits for a feature. This makes it
easy to quickly check if a measured dimension falls within the tolerance zone, without needing to
calculate boundary dimensions from tolerance values.

Unilateral Tolerances
Unilateral refers to something related to one side. In terms of tolerances, it means the tolerance is
applied in only one direction, either plus or minus. In GD&T, this is called an unequally disposed
tolerance and is marked with a U symbol. Typically, unilateral tolerances are used at maximum
material condition (MMC).

Bilateral Tolerances
Bilateral refers to something involving two sides. In terms of tolerances, it means that both the
positive and negative limits are considered for a specific measurement. This provides the smallest
and largest acceptable sizes for that measurement. The tolerance can be equal on both sides or
vary between them.



C N C - m a c h i n e d  p a r t s  a r e  n o t  f l a w l e s s .  V a r i a t i o n s  a m o n g  t h e s e  p a r t s  a r e  e x p e c t e d
a n d  r e s u l t  f r o m  s e v e r a l  f a c t o r s .

R a w  M a t e r i a l
H a r d e r  m a t e r i a l s  a l l o w  f o r  t i g h t e r  t o l e r a n c e s  b e c a u s e  t h e y  m a i n t a i n  t h e i r  s h a p e
a n d  r e s i s t  d e f l e c t i o n  d u r i n g  m a c h i n i n g .  T h e y  o f f e r  g r e a t e r  d i m e n s i o n a l  s t a b i l i t y
c o m p a r e d  t o  s o f t e r  m a t e r i a l s .  A d d i t i o n a l l y ,  m a t e r i a l s  w i t h  a  l o w e r  c o e f f i c i e n t  o f
t h e r m a l  e x p a n s i o n  ( C T E )  a r e  l e s s  a f f e c t e d  b y  t e m p e r a t u r e  c h a n g e s ,  e n a b l i n g  e v e n
t i g h t e r  t o l e r a n c e s .

W o r k p i e c e  C o n d i t i o n
U s i n g  u n i f o r m  a n d  p r e c i s e  s t o c k  m a t e r i a l s  s i g n i f i c a n t l y  m i n i m i z e s  v a r i a t i o n s .  T h e
q u a l i t y  o f  y o u r  r a w  m a t e r i a l s  d i r e c t l y  a f f e c t s  t h e  q u a l i t y  o f  y o u r  f i n a l  p r o d u c t .

M a c h i n e  U s e d
W h i l e  m o r e  e x p e n s i v e  m a c h i n e r y  d o e s n ' t  a l w a y s  g u a r a n t e e  h i g h e r  q u a l i t y  p a r t s ,  i t
o f t e n  d o e s .  M a c h i n e s  t h a t  m a i n t a i n  t i g h t e r  t o l e r a n c e s  a r e  t y p i c a l l y  b u i l t  w i t h
s u p e r i o r  r a w  m a t e r i a l s  a n d  a d v a n c e d  p r o g r a m m i n g ,  e n s u r i n g  p r e c i s e  t o o l i n g
a l i g n m e n t  d u r i n g  m i l l i n g .

T o o l i n g
W i t h o u t  p r e c i s e  a n d  a c c u r a t e  t o o l i n g ,  a c h i e v i n g  t i g h t  t o l e r a n c e s  i s  i m p o s s i b l e ,
r e g a r d l e s s  o f  h o w  w e l l  y o u  p r e p a r e  y o u r  m a t e r i a l .

Sources of Variation
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B r o a d l y  s p e a k i n g ,  t h e  m a t e r i a l  s e l e c t i o n  p r o c e s s  f o r  y o u r  C N C  m a c h i n i n g
p r o j e c t  s h o u l d  f o l l o w  t h e s e  s t e p s :

S t e p  1 :  D e t e r m i n e  m a t e r i a l  r e q u i r e m e n t s
E v a l u a t e  t h e  m a t e r i a l ' s  f u n c t i o n a l i t y ,  e l e c t r i c a l  p r o p e r t i e s ,  s t r e n g t h ,  a n d
h a r d n e s s  t o  e n s u r e  i t  f i t s  y o u r  p r o j e c t  n e e d s .  A d d i t i o n a l l y ,  c o n s i d e r  t h e
e n v i r o n m e n t  w h e r e  t h e  p a r t  w i l l  b e  u s e d  a n d  t h e  c o n d i t i o n s  i t  w i l l  f a c e .

S t e p  2 :  C r e a t e  a  l i s t  o f  m a t e r i a l  o p t i o n s
O r g a n i z e  a l l  t h e  m a t e r i a l s  t h a t  m e e t  y o u r  r e q u i r e m e n t s ,  i n c l u d i n g  y o u r
d e s i g n  s p e c i f i c a t i o n s .

S t e p  3 :  C h o o s e  t h e  m o s t  a p p r o p r i a t e  m a t e r i a l
S e l e c t  t h e  m a t e r i a l  t h a t  m e e t s  m o s t  o f  y o u r  n e e d s .  S o m e t i m e s ,  y o u  m a y
n e e d  t o  p r i o r i t i z e  a  m a t e r i a l  w i t h  b e t t e r  m a c h i n a b i l i t y  o v e r  a  c h e a p e r
o p t i o n  t o  m a i n t a i n  p a r t  q u a l i t y .

D e s i g n  a n d  r e g u l a t o r y  r e q u i r e m e n t s  a r e  t h e  b a s i s  o f  y o u r  m a t e r i a l
s e l e c t i o n  p r o c e s s ,  b u t  t h e y  c a n  l e a v e  y o u  w i t h  s e v e r a l  m a t e r i a l  o p t i o n s  t o
c h o o s e  f r o m .  T o  m a k e  t h e  b e s t  c h o i c e ,  c o n s i d e r  t h e  m a t e r i a l ' s  p r o p e r t i e s ,
m a c h i n i n g  n e e d s ,  f i n i s h i n g  r e q u i r e m e n t s ,  a n d  p r o c u r e m e n t  f a c t o r s .

B y  t h o r o u g h l y  e v a l u a t i n g  t h e s e  f a c t o r s ,  y o u  c a n  i d e n t i f y  t h e  m o s t  c o s t -
e f f e c t i v e  m a t e r i a l  t h a t  g u a r a n t e e s  h i g h - q u a l i t y  m a c h i n i n g  a n d  r e d u c e s
u n n e c e s s a r y  d e l a y s  i n  y o u r  o p e r a t i o n s .

Material Selection
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M a c h i n i n g  C o n d i t i o n s

F i n i s h i n g  R e q u i r e m e n t s

F i n i s h i n g  R e q u i r e m e n t s

A s  i t  r e l a t e s  t o  y o u r  p r o j e c t ,  h e r e  a r e  t h e  k e y
f a c t o r s  y o u  n e e d  t o  c o n s i d e r  w h e n  s e l e c t i n g
t h e  a p p r o p r i a t e  m a t e r i a l .

Project Requirements
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P a r t  A p p l i c a t i o n
C h o o s i n g  t h e  r i g h t  m a t e r i a l  f o r  C N C  m a n u f a c t u r i n g  i s  c r u c i a l ,  a n d
d i f f e r e n t  a p p l i c a t i o n s  r e q u i r e  d i f f e r e n t  m a t e r i a l s .  

T h e  m a t e r i a l ' s  p h y s i c a l  p r o p e r t i e s ,  l i k e  t e n s i l e  s t r e n g t h ,  s t r e n g t h - t o -
w e i g h t  r a t i o ,  c r a c k  r e s i s t a n c e ,  r i g i d i t y ,  o r  f l e x i b i l i t y ,  d e p e n d  o n  i t s
a p p l i c a t i o n .  H e a v i e r  m a t e r i a l s  c a n  h a n d l e  m o r e  s t r e s s ,  b u t  f o r  w e i g h t -
s e n s i t i v e  u s e s ,  c h o o s e  l i g h t e r  m a t e r i a l s  w i t h  a  s t r o n g  s t r e n g t h - t o -
w e i g h t  r a t i o .

F o r  e x a m p l e ,  a e r o s p a c e  p a r t s  m u s t  b e  l i g h t w e i g h t ,  u n l i k e  p a r t s  f o r
s t r u c t u r a l  s u p p o r t .  A l u m i n u m  3 . 3 2 1 1  i s  o f t e n  u s e d  i n  a e r o s p a c e  b e c a u s e
i t  h a s  a  s t r o n g  s t r e n g t h - t o - w e i g h t  r a t i o .

MATERIAL SELECTION



P a r t  A p p l i c a t i o n

M a c h i n i n g  C o n d i t i o n s
T h e  f i n a l  a p p l i c a t i o n  o f  y o u r  p a r t  w i l l  g u i d e  m a n y  o f  y o u r  m a t e r i a l
c h o i c e s ,  b u t  f i r s t ,  t h e  r a w  m a t e r i a l  m u s t  u n d e r g o  t h e  m a c h i n i n g
p r o c e s s .

M a c h i n i n g  r a t e s ,  a l s o  k n o w n  a s  s p e e d s  a n d  f e e d s ,  d e t e r m i n e  h o w  f a s t
m a t e r i a l  i s  r e m o v e d .  E a c h  m a t e r i a l  h a s  s p e c i f i c  m a c h i n a b i l i t y  t r a i t s ,  l i k e
h a r d n e s s  a n d  m e l t i n g  p o i n t ,  t h a t  a f f e c t  h o w  q u i c k l y  i t  c a n  b e
p r o c e s s e d ,  h o w  h e a t  i s  h a n d l e d ,  a n d  h o w  c h i p s  a r e  c l e a r e d .

T h e  m a t e r i a l  y o u  c h o o s e  i m p a c t s  h o w  q u i c k l y  y o u r  c u t t i n g  t o o l s  w e a r
o u t .  S o m e  m a t e r i a l s ,  l i k e  h i g h - t e m p e r a t u r e  a l l o y s ,  c a n  c a u s e  m o r e
w e a r ,  r e q u i r i n g  s p e c i a l  t o o l s  a n d  i n c r e a s i n g  c o s t s .

F i n i s h i n g  R e q u i r e m e n t s

A s  i t  r e l a t e s  t o  y o u r  p r o j e c t ,  h e r e  a r e  t h e  k e y
f a c t o r s  y o u  n e e d  t o  c o n s i d e r  w h e n  s e l e c t i n g
t h e  a p p r o p r i a t e  m a t e r i a l .

Project Requirements
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P a r t  A p p l i c a t i o n

M a c h i n i n g  C o n d i t i o n s

F i n i s h i n g  R e q u i r e m e n t s
D o n ' t  b e  f o o l e d  b y  t h e  w o r d  " f i n i s h i n g ; "  y o u  n e e d  t o  c a r e f u l l y  c o n s i d e r
y o u r  p a r t s '  f i n i s h  e a r l y  i n  t h e  d e s i g n  p r o c e s s ,  n o t  a s  a n  a f t e r t h o u g h t .
T h i s  h e l p s  a v o i d  c o m p a t i b i l i t y  i s s u e s  b e t w e e n  y o u r  c h o s e n  m a t e r i a l  a n d
t h e  n e c e s s a r y  s u r f a c e  p r o c e s s .

I f  y o u r  p r o j e c t  r e q u i r e s  a  s p e c i f i c  s u r f a c e  f i n i s h ,  c h o o s e  a  m a t e r i a l  t h a t
c a n  b e  e a s i l y  m a c h i n e d  t o  m e e t  t h o s e  n e e d s .  M a t e r i a l s  l i k e  a l u m i n u m
a n d  p l a s t i c s  c a n  a c h i e v e  a  s m o o t h  f i n i s h  e f f o r t l e s s l y ,  w h i l e  o t h e r s ,  l i k e
c a s t  i r o n ,  m a y  r e q u i r e  a d d i t i o n a l  s t e p s  t o  r e a c h  t h e  d e s i r e d  q u a l i t y .

C h e c k  i f  t h e  p l a t i n g  t y p e  m a t c h e s  t h e  b a s e  m a t e r i a l .  F o r  e x a m p l e ,  i f
n i c k e l  p l a t i n g  i s  n e e d e d ,  a l u m i n u m  m i g h t  n o t  b e  t h e  b e s t  c h o i c e .
I n s t e a d ,  u s e  s t a i n l e s s  s t e e l ,  w h i c h  w o r k s  w e l l  w i t h  n i c k e l  p l a t i n g ,
e n s u r i n g  y o u  s e l e c t  t h e  r i g h t  m a t e r i a l .

A s  i t  r e l a t e s  t o  y o u r  p r o j e c t ,  h e r e  a r e  t h e  k e y
f a c t o r s  y o u  n e e d  t o  c o n s i d e r  w h e n  s e l e c t i n g
t h e  a p p r o p r i a t e  m a t e r i a l .

Project Requirements
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Y o u r  p a r t  w i l l  h a v e  s p e c i f i c  a p p l i c a t i o n s  a n d  e n v i r o n m e n t a l  c o n d i t i o n s  t h a t  n e e d  t o  b e
t a k e n  i n t o  a c c o u n t  w h e n  s e l e c t i n g  a  m a t e r i a l .

F o r  i n s t a n c e ,  p a r t s  f o r  e l e c t r i c a l  u s e  s h o u l d  c o n d u c t  e l e c t r i c i t y  w e l l ,  l i k e  c o p p e r  o r  s i l v e r .
I f  u s e d  i n  a e r o n a u t i c s  o r  a e r o s p a c e ,  t h e  m a t e r i a l  s h o u l d  m a i n t a i n  i t s  s h a p e  u n d e r  s t r e s s .

Material Attributes

Mechanical Attributes

Thermal Attribute

Electrical Attribute
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T e n s i l e  S t r e n g t h
T h e  m a x i m u m  s t r e s s  a  m a t e r i a l  c a n  w i t h s t a n d  w h i l e  b e i n g  s t r e t c h e d  o r  p u l l e d  b e f o r e
b r e a k i n g .  M a t e r i a l s  w i t h  h i g h  t e n s i l e  s t r e n g t h  a r e  e s s e n t i a l  f o r  p a r t s  t h a t  w i l l  e x p e r i e n c e
s i g n i f i c a n t  l o a d s .

H a r d n e s s
A  m a t e r i a l ' s  r e s i s t a n c e  t o  d e f o r m a t i o n ,  s c r a t c h i n g ,  o r  i n d e n t a t i o n .  H a r d e r  m a t e r i a l s  a r e
m o r e  w e a r - r e s i s t a n t  b u t  m a y  b e  m o r e  c h a l l e n g i n g  t o  m a c h i n e .

D u c t i l i t y
A  m a t e r i a l ’ s  a b i l i t y  t o  d e f o r m  u n d e r  t e n s i l e  s t r e s s ,  o f t e n  c h a r a c t e r i z e d  b y  i t s  a b i l i t y  t o
b e  s t r e t c h e d  i n t o  a  w i r e .  D u c t i l e  m a t e r i a l s  a r e  l e s s  l i k e l y  t o  f r a c t u r e  u n d e r  s t r e s s .

I m p a c t  R e s i s t a n c e
A  m a t e r i a l ’ s  a b i l i t y  t o  w i t h s t a n d  s u d d e n  a n d  f o r c e f u l  i m p a c t s  w i t h o u t  b r e a k i n g  o r
s h a t t e r i n g .

MATERIAL SELECTION

Attribute Types



Y o u r  p a r t  w i l l  h a v e  s p e c i f i c  a p p l i c a t i o n s  a n d  e n v i r o n m e n t a l  c o n d i t i o n s  t h a t  n e e d  t o  b e
t a k e n  i n t o  a c c o u n t  w h e n  s e l e c t i n g  a  m a t e r i a l .

F o r  i n s t a n c e ,  p a r t s  f o r  e l e c t r i c a l  u s e  s h o u l d  c o n d u c t  e l e c t r i c i t y  w e l l ,  l i k e  c o p p e r  o r
s i l v e r .  I f  u s e d  i n  a e r o n a u t i c s  o r  a e r o s p a c e ,  t h e  m a t e r i a l  s h o u l d  m a i n t a i n  i t s  s h a p e
u n d e r  s t r e s s .

Material Attributes

Mechanical Attributes

Thermal Attribute

Electrical Attribute
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T h e r m a l  C o n d u c t i v i t y
A  m a t e r i a l ’ s  a b i l i t y  t o  c o n d u c t  h e a t .  M a t e r i a l s  w i t h  h i g h  t h e r m a l  c o n d u c t i v i t y  a r e
e s s e n t i a l  f o r  a p p l i c a t i o n s  w h e r e  h e a t  d i s s i p a t i o n  i s  c r u c i a l .

T h e r m a l  E x p a n s i o n
T h e  d e g r e e  t o  w h i c h  a  m a t e r i a l  e x p a n d s  w h e n  h e a t e d .  M a t e r i a l s  w i t h  l o w  t h e r m a l
e x p a n s i o n  a r e  p r e f e r r e d  f o r  a p p l i c a t i o n s  r e q u i r i n g  h i g h  d i m e n s i o n a l  s t a b i l i t y  a c r o s s
t e m p e r a t u r e  c h a n g e s .

H e a t  R e s i s t a n c e
A  m a t e r i a l ’ s  a b i l i t y  t o  m a i n t a i n  i t s  p r o p e r t i e s  a t  e l e v a t e d  t e m p e r a t u r e s .  M a t e r i a l s
w i t h  h i g h  h e a t  r e s i s t a n c e  a r e  n e c e s s a r y  f o r  h i g h - t e m p e r a t u r e  a p p l i c a t i o n s .

MATERIAL SELECTION

Attribute Types



Y o u r  p a r t  w i l l  h a v e  s p e c i f i c  a p p l i c a t i o n s  a n d  e n v i r o n m e n t a l  c o n d i t i o n s  t h a t  n e e d  t o  b e
t a k e n  i n t o  a c c o u n t  w h e n  s e l e c t i n g  a  m a t e r i a l .

F o r  i n s t a n c e ,  p a r t s  f o r  e l e c t r i c a l  u s e  s h o u l d  c o n d u c t  e l e c t r i c i t y  w e l l ,  l i k e  c o p p e r  o r
s i l v e r .  I f  u s e d  i n  a e r o n a u t i c s  o r  a e r o s p a c e ,  t h e  m a t e r i a l  s h o u l d  m a i n t a i n  i t s  s h a p e
u n d e r  s t r e s s .

Material Attributes

Mechanical Attributes

Thermal Attribute

Electrical Attribute
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E l e c t r i c a l  C o n d u c t i v i t y
A  m a t e r i a l ’ s  a b i l i t y  t o  c o n d u c t  e l e c t r i c i t y .  M a t e r i a l s  w i t h  h i g h  e l e c t r i c a l  c o n d u c t i v i t y
a r e  u s e d  i n  a p p l i c a t i o n s  r e q u i r i n g  e f f i c i e n t  e l e c t r i c a l  t r a n s m i s s i o n .

D i e l e c t r i c  S t r e n g t h
T h e  m a x i m u m  e l e c t r i c  f i e l d  a  m a t e r i a l  c a n  w i t h s t a n d  w i t h o u t  b r e a k i n g  d o w n .
M a t e r i a l s  w i t h  h i g h  d i e l e c t r i c  s t r e n g t h  a r e  e s s e n t i a l  f o r  i n s u l a t i n g  a p p l i c a t i o n s .

E l e c t r i c a l  C o n d u c t i v i t y
T h e  m e a s u r e  o f  h o w  s t r o n g l y  a  m a t e r i a l  o p p o s e s  t h e  f l o w  o f  e l e c t r i c  c u r r e n t .
M a t e r i a l s  w i t h  h i g h  r e s i s t i v i t y  a r e  u s e d  i n  a p p l i c a t i o n s  r e q u i r i n g  e l e c t r i c a l  i n s u l a t i o n .

MATERIAL SELECTION

Attribute Types



Raw Material Cost
The cost of materials is a key factor in procurement. High-end aerospace alloys can be expensive,
but more affordable options like plastics are available.

Machining Cost
The machining expenses for each material should be taken into account as well. Certain materials
may demand additional time and labor to machine effectively, thus affecting the overall cost of
machining.

Availability
When selecting materials, consider their availability. Some materials might be hard to find or take
longer to get, which could delay your project. Make sure the material you choose is available
within your required timeframe.

Lead Time
Consider the project's timeline as well, as the lead time for certain materials can significantly
affect your material selection process. Some materials may have longer lead times than others,
potentially causing delays in your overall project schedule.

W h i l e  d e s i g n  a n d  i n d u s t r y  r e g u l a t i o n s  a r e
c r u c i a l ,  c o n s i d e r  t h e s e  p r o c u r e m e n t
f a c t o r s  w h e n  s e l e c t i n g  a  m a t e r i a l  f o r  y o u r
m a c h i n e d  c o m p o n e n t ,  w h i c h  c a n  h e l p
r e d u c e  u n n e c e s s a r y  c o s t s  a n d  a f f e c t  y o u r
l e a d  t i m e s .

Procurement Factors
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H e a t  T r e a t m e n t  M e t h o d s
H e a t  t r e a t m e n t  i s  a  c r u c i a l  s t e p  i n  C N C  m a c h i n i n g  m e t a l  p a r t s .  I t  i n v o l v e s  c a r e f u l l y  h e a t i n g  a n d  c o o l i n g  t h e  m a t e r i a l  t o  a c h i e v e  s p e c i f i c
p r o p e r t i e s .  T h i s  p r o c e s s  c h a n g e s  f o u r  k e y  p r o p e r t i e s  o f  m e t a l  p a r t s :  h a r d n e s s ,  s t r e n g t h ,  t o u g h n e s s ,  a n d  d u c t i l i t y .

N o t  a l l  h e a t  t r e a t m e n t s  a r e  t h e  s a m e .  T h e  r i g h t  m e t h o d  d e p e n d s  o n  t h e  m a t e r i a l ' s  c o m p o s i t i o n ,  t h e  p a r t ' s  s i z e ,  a n d  t h e  d e s i r e d  f i n a l
p r o p e r t i e s .

H e a t  t r e a t m e n t  a i m s  t o  c r e a t e  a  s p e c i f i c  m i c r o s t r u c t u r e  t h a t  i m p a r t s  d e s i r e d  m a t e r i a l  p r o p e r t i e s  t o  y o u r  p a r t s ,  a n d  c a n  b e  a p p l i e d  t o
m e t a l  a l l o y s  a t  d i f f e r e n t  s t a g e s  o f  t h e  C N C  m a c h i n i n g  p r o c e s s ,  e i t h e r  b e f o r e  o r  a f t e r  m a c h i n i n g  y o u r  p a r t s .

S u r f a c e  F i n i s h i n g  M e t h o d s
S u r f a c e  f i n i s h i n g  m e t h o d s  p r o t e c t  a n d  e n h a n c e  t h e  l o o k  o f  a  m a c h i n e d  c o m p o n e n t ' s  s u r f a c e s .  T h e s e  m e t h o d s  m a y  a d d  o r  r e m o v e
m a t e r i a l ,  o r  u s e  h e a t ,  e l e c t r i c i t y ,  o r  c h e m i c a l s  t o  a l t e r  a  p a r t ' s  s u r f a c e  f i n i s h .

C N C  s u r f a c e  f i n i s h  a n d  f i n i s h i n g  m e t h o d s  a r e  c r u c i a l  w h e n  y o u r  p a r t  i n t e r a c t s  w i t h  o t h e r  c o m p o n e n t s .  F o r  i n s t a n c e ,  b a l l  b e a r i n g s  a r e
d e s i g n e d  t o  m i n i m i z e  r o t a t i o n a l  f r i c t i o n  a n d  s u p p o r t  l o a d s .  A s  t h e  r a c e s  r o t a t e ,  t h e  b a l l s  a l s o  t u r n  d u e  t o  t h e i r  c o n t a c t .  I f  t h e  s u r f a c e s
o f  t h e  b a l l s  o r  r a c e s  a r e  n o t  f i n i s h e d  c o r r e c t l y ,  f r i c t i o n  i n c r e a s e s ,  l e a d i n g  t o  m o r e  w e a r  a n d  a  s h o r t e r  l i f e s p a n ,  e v e n  i f  t h e  c o m p o n e n t s
m e e t  g e o m e t r i c  t o l e r a n c e s .

Post-Processing
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P o s t - p r o c e s s i n g  o p e r a t i o n s  e n h a n c e  m a t e r i a l  s t r e n g t h ,  a d d  a n t i -
c o r r o s i v e  p r o p e r t i e s ,  a n d  i m p r o v e  s u r f a c e  s m o o t h n e s s .  T h e  m o s t
c o m m o n  p o s t - m a c h i n i n g  p r o c e s s e s  a r e  h e a t  t r e a t m e n t s  a n d  s u r f a c e
t r e a t m e n t s .

U s i n g  t h e  r i g h t  h e a t  t r e a t m e n t  m e t h o d s  a n d  s u r f a c e  f i n i s h e s  e n h a n c e s
t h e  s m o o t h n e s s ,  a p p e a r a n c e ,  a n d  f u n c t i o n a l i t y  o f  C N C  m a c h i n e d  p a r t s .



Annealing
Annealing involves heating metal to a high temperature and cooling it slowly to achieve the desired structure. It’s used
on metal alloys after they are formed and before any further processing to make them softer and easier to machine.
Unless specified otherwise, most CNC machined parts will have the properties of annealed material.

Purpose: improve the machinability of the metal alloy
Compatible Materials: steel, stainless steel, cast iron

Tempering
Tempering involves heating the part at a lower temperature than annealing, typically after quenching mild steels (1045
and A36) and alloy steels (4140 and 4240). This process reduces brittleness and enhances mechanical performance.

Purpose: release residual stress from mechanical deformation or temperature increase during processing
Compatible Materials: steel, stainless steel, cast iron

Quenching
Quenching involves heating metal to a high temperature and then quickly cooling it, usually by immersing it in oil or water,
or by using cool air. This rapid cooling solidifies the changes in the metal's structure, making it extremely hard.

Purpose: increase the hardness of the metal alloy
Compatible Materials: mild steels, alloy steels, tool steels

Heat Treatment Methods
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Stress Relieving
Stress relieving heats the part to a high temperature, lower than annealing, and is typically done after CNC machining to
remove residual stresses from manufacturing. This process ensures parts have more consistent mechanical properties.

Purpose: reduce brittleness after quenching
Compatible Materials: mild steels, alloy steels, tool steels

Case Hardening
Case-hardening, also known as carburizing, is a heat treatment that strengthens the metal's surface while keeping the
inner metal soft. This process involves adding carbon or nitrogen to low-carbon alloys at high temperatures to enhance
their hardenability. The surface finish can be applied either before or after the CNC machining process.

Purpose: improve surface toughness and increase corrosion resistance
Compatible Materials: steel alloys, copper, aluminum, brass

Through Hardening
Through hardening is different from case hardening because it strengthens the entire alloy, not just the surface. This is
done by adding carbon to the alloy and cooling it quickly in brine, water, or oil.

Purpose: enhance the wear resistance and fatigue strength
Compatible Materials: alloy steels, tool steels, stainless steels

Heat Treatment Methods
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Surface Finishing Methods
Options
Media Blasting

Black Oxide

Powder Coating

Electroless Nickel Plating

Electropolishing

Passivation

Anodizing

Galvanizing
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POST-PROCESSING

M e d i a  B l a s t i n g
M e d i a  b l a s t i n g  u s e s  c o m p r e s s e d  a i r  o r  w a t e r  t o  s h o o t  a b r a s i v e  m a t e r i a l s ,  k n o w n  a s  " m e d i a , "  a t
h i g h  s p e e d s  o n t o  a  s u r f a c e .  T h i s  p r o c e s s  c l e a n s  a n d  p r e p a r e s  t h e  s u r f a c e  f o r  f u r t h e r  t r e a t m e n t  o r
f i n i s h i n g .

T h e  t y p e  o f  a b r a s i v e  m a t e r i a l  c h o s e n  f o r  m e d i a  b l a s t i n g  v a r i e s  b a s e d  o n  t h e  t a s k  a n d  t h e  r e s u l t s
y o u  w a n t  t o  a c h i e v e .

P u r p o s e :  t o  a c h i e v e  a  s m o o t h e r  s u r f a c e
C o m p a t i b l e  M a t e r i a l s :  m o s t  m e t a l s  a n d  p l a s t i c s

B l a c k  O x i d e
B l a c k  o x i d e  i s  a  c o a t i n g  a p p l i e d  b y  d i p p i n g  a  p a r t  i n t o  a  s o d i u m  h y d r o x i d e  a n d  p o t a s s i u m  n i t r a t e
s o l u t i o n .  T h i s  p r o c e s s  c r e a t e s  a  b l a c k ,  s m o o t h  f i n i s h  t h a t  e n h a n c e s  c o r r o s i o n  a n d  w e a r
r e s i s t a n c e .

P u r p o s e :  t o  i m p r o v e  c o r r o s i o n  a n d  w e a r  r e s i s t a n c e

C o m p a t i b l e  M a t e r i a l s :  m i l d  s t e e l s ,  c a r b o n  s t e e l s ,  s t a i n l e s s  s t e e l ,  c o p p e r



Surface Finishing Methods
Options
Media Blasting

Black Oxide

Powder Coating

Electroless Nickel Plating

Electropolishing

Passivation

Anodizing

Galvanizing
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POST-PROCESSING

P o w d e r  C o a t i n g
P o w d e r  c o a t i n g  i n v o l v e s  u s i n g  p o w d e r e d  p l a s t i c  m i x e d  w i t h  c h e m i c a l  a g e n t s  l i k e  p i g m e n t s  a n d
a d d i t i v e s  t o  c r e a t e  a  s t r o n g  f i n i s h  o n  m e t a l  p a r t s .

T h e  p o w d e r  i s  s p r a y e d  o n t o  a  p a r t  a n d  s t i c k s  d u e  t o  a n  e l e c t r o s t a t i c  c h a r g e .  T h e  c o a t i n g  t o o l
c h a r g e s  t h e  p o w d e r  p a r t i c l e s  w h i l e  t h e  p a r t  i s  g r o u n d e d ,  d r a w i n g  t h e  p a r t i c l e s  t o  i t .  T h e  p a r t  i s
t h e n  b a k e d ,  t u r n i n g  t h e  p o w d e r  i n t o  a  s o l i d ,  d u r a b l e ,  a n d  c o r r o s i o n - r e s i s t a n t  c o a t i n g .  T h i s
p r o c e s s  a l l o w s  f o r  v a r i o u s  p i g m e n t s  a n d  f i n i s h e s .  S o m e t i m e s ,  p a r t s  a r e  p r e h e a t e d  b e f o r e
s p r a y i n g .

P u r p o s e :  t o  i n c r e a s e  s t r e n g t h  a n d  p r o v i d e  a  g o o d  b a s e  f o r  d y e i n g
C o m p a t i b l e  M a t e r i a l s :  a l u m i n u m ,  s t a i n l e s s  s t e e l ,  s t e e l s ,  c o p p e r ,  b r a s s ,  z i n c

E l e c t r o l e s s  N i c k e l  P l a t i n g
E l e c t r o l e s s  n i c k e l  p l a t i n g  i s  a  t e c h n i q u e  t h a t  a d d s  a  n i c k e l  l a y e r  t o  a  p a r t ' s  s u r f a c e .  T h i s  e n h a n c e s
t h e  p a r t ' s  c o r r o s i o n  a n d  w e a r  r e s i s t a n c e ,  a s  w e l l  a s  i n c r e a s e s  i t s  h a r d n e s s .

P u r p o s e :  a  c o s t - e f f e c t i v e  w a y  t o  i m p r o v e  s u r f a c e  f i n i s h
C o m p a t i b l e  M a t e r i a l s :  a l u m i n u m ,  s t a i n l e s s  s t e e l ,  m i l d  s t e e l s ,  c o p p e r ,  b r a s s ,  t i t a n i u m



Surface Finishing Methods
Options
Media Blasting

Black Oxide

Powder Coating

Electroless Nickel Plating

Electropolishing

Passivation

Anodizing

Galvanizing
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E l e c t r o p o l i s h i n g
E l e c t r o p o l i s h i n g  i s  a  p r o c e s s  u s e d  t o  i m p r o v e  t h e  s u r f a c e  f i n i s h  o f  m e t a l  p a r t s .  I t  i n v o l v e s  t h e
r e m o v a l  o f  a  t h i n  l a y e r  o f  m a t e r i a l  f r o m  t h e  s u r f a c e  o f  a  m e t a l  o b j e c t  u s i n g  a n  e l e c t r o c h e m i c a l
p r o c e s s .

P u r p o s e :  t o  a c h i e v e  a n  e v e n ,  s h i n y  s u r f a c e  t h a t ’ s  c o r r o s i o n  r e s i s t a n c e  a n d  h i g h l y  w e l d a b l e
C o m p a t i b l e  M a t e r i a l s :  s t a i n l e s s  s t e e l ,  a l u m i n u m ,  c o p p e r ,  b r a s s ,  n i c k e l  a l l o y s

P a s s i v a t i o n
P a s s i v a t i o n  t r e a t s  m e t a l  s u r f a c e s  w i t h  a n  a c i d  s o l u t i o n  t o  r e m o v e  f r e e  i r o n  a n d  c o n t a m i n a n t s ,
r e s t o r i n g  a  t h i n ,  p r o t e c t i v e  o x i d e  l a y e r .  T h i s  l a y e r  s h i e l d s  t h e  m e t a l  f r o m  e n v i r o n m e n t a l  r e a c t i o n s ,
r e d u c i n g  c o r r o s i o n  r i s k .  I t  i s  o f t e n  u s e d  o n  s t a i n l e s s  s t e e l  a n d  o t h e r  m e t a l s  t o  e n h a n c e  r e s i s t a n c e
t o  r u s t ,  s t a i n s ,  a n d  d e t e r i o r a t i o n .

P u r p o s e :  t o  i m p r o v e  c o r r o s i o n  r e s i s t a n c e
C o m p a t i b l e  M a t e r i a l s :  s t a i n l e s s  s t e e l ,  a l u m i n u m ,  t i t a n i u m



Surface Finishing Methods Options
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A n o d i z i n g
A n o d i z i n g  c r e a t e s  a  t h i n  l a y e r  o n  m e t a l  s u r f a c e s ,  o f f e r i n g  p r o t e c t i o n  a g a i n s t  c o r r o s i o n  a n d  w e a r .
I t  o n l y  w o r k s  w i t h  a l u m i n u m  a n d  t i t a n i u m .

I n  T y p e  I I  a n d  T y p e  I I I  a n o d i z i n g ,  t h e  p a r t  i s  p l a c e d  i n  a  d i l u t e d  s u l f u r i c  a c i d  s o l u t i o n ,  a n d  a n
e l e c t r i c  v o l t a g e  i s  a p p l i e d .  T h i s  c a u s e s  a  r e a c t i o n  t h a t  t u r n s  t h e  s u r f a c e  i n t o  h a r d  a l u m i n u m  o r
t i t a n i u m  o x i d e .  M a s k s  c a n  b e  u s e d  o n  a r e a s  t h a t  n e e d  t o  s t a y  c o n d u c t i v e  o r  h a v e  p r e c i s e
d i m e n s i o n s ,  l i k e  t h r e a d e d  h o l e s ,  t o  p r e v e n t  a n o d i z i n g .  T h e  a n o d i z e d  p a r t s  c a n  a l s o  b e  d y e d  i n
v a r i o u s  c o l o r s  b e f o r e  s e a l i n g .

T y p e  I I  a n o d i z i n g ,  a l s o  k n o w n  a s  " s t a n d a r d "  o r  " d e c o r a t i v e "  a n o d i z i n g ,  c r e a t e s  c o a t i n g s  u p  t o  2 5
μm  t h i c k .  T h e  t h i c k n e s s  v a r i e s  b y  c o l o r :  8 - 1 2  μm  f o r  b l a c k - d y e d  p a r t s  a n d  4 - 8  μm  f o r  c l e a r  p a r t s .
T h i s  p r o c e s s  i s  i d e a l  f o r  a c h i e v i n g  a  s m o o t h e r  s u r f a c e ,  o f f e r i n g  g o o d  c o r r o s i o n  r e s i s t a n c e  a n d
s o m e  w e a r  r e s i s t a n c e .

T y p e  I I I  a n o d i z i n g ,  k n o w n  a s  " h a r d c o a t "  a n o d i z i n g ,  c r e a t e s  c o a t i n g s  u p  t o  1 2 5  μm  t h i c k ,  w i t h  a
s t a n d a r d  t h i c k n e s s  o f  5 0  μm .  T h i s  p r o c e s s  f o r m s  d e n s e  l a y e r s  t h a t  o f f e r  s u p e r i o r  c o r r o s i o n  a n d
w e a r  r e s i s t a n c e ,  i d e a l  f o r  f u n c t i o n a l  u s e s .  I t  r e q u i r e s  m o r e  p r e c i s e  c o n t r o l  t h a n  T y p e  I I  a n o d i z i n g ,
i n v o l v i n g  h i g h e r  c u r r e n t  d e n s i t y  a n d  m a i n t a i n i n g  t h e  s o l u t i o n  t e m p e r a t u r e  n e a r  0  d e g r e e s
C e l s i u s ,  w h i c h  i n c r e a s e s  t h e  c o s t .

P u r p o s e :  t o  i m p a r t  a  s h i n y ,  a e s t h e t i c  f i n i s h  t h a t  i m p r o v e s  c o r r o s i o n  r e s i s t a n c e
C o m p a t i b l e  M a t e r i a l s :  a l u m i n u m ,  t i t a n i u m



Surface Finishing Methods Options
Media Blasting

Black Oxide

Powder Coating

Electroless Nickel Plating

Electropolishing

Passivation

Anodizing

Galvanizing
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POST-PROCESSING

G a l v a n i z i n g
G a l v a n i z i n g  i n v o l v e s  d i p p i n g  s t e e l  i n t o  m o l t e n  z i n c .  T h i s  p r o c e s s  c o a t s  t h e  s t e e l  w i t h  l a y e r s  o f  z i n c -
i r o n  a l l o y  a n d  z i n c  m e t a l .  T h e  z i n c  r e a c t s  w i t h  t h e  s t e e l ' s  i r o n  c o n t e n t ,  f o r m i n g  a  u n i f o r m ,  t h i c k
p r o t e c t i v e  l a y e r .

P u r p o s e :  t o  i m p r o v e  t h e  p a r t ’ s  c o r r o s i o n  r e s i s t a n c e
C o m p a t i b l e  M a t e r i a l s :  m i l d  s t e e l s ,  c a r b o n  s t e e l s ,  i r o n



Attribute Description

   Thermal Conductivity    This indicates how well it removes heat from both the workpiece and the tool.

   Heat Capacity    A cutting fluid with a higher heat capacity can absorb more heat before it becomes hot or boils.

   Low Viscosity    The low viscosity of a cutting fluid ensures smooth flow and prevents sludge from forming when chips mix with the fluid.

   Non-Corrosive    Your cutting fluid cannot corrode or otherwise damage either your workpiece or cutting tool.

  Corrosion-Oxidation Resistant    A quality cutting fluid should not only avoid being corrosive but also protect parts from corrosion and oxidation.

   Non-Toxic    Given that your cutting fluid will come into contact with humans, choose a cutting fluid or coolant that isn't toxic.

   Chemically Non-Reactive    Cutting fluids should not react chemically with surfaces they touch, as this can harm the surfaces and degrade the fluid.

   Odorless    It should be odorless to prevent any lingering smells on the machine or the finished part.

   Transparent/Translucent    It should be clear enough to allow an unobstructed view of the workpiece.

  Stable    A good cutting fluid should remain stable and not break down quickly during use or storage.

Cutting Fluids
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C u t t i n g  f l u i d  i s  a  s p e c i a l l y  d e s i g n e d  s u b s t a n c e  u s e d  i n  m e t a l w o r k i n g  a n d  m a c h i n i n g  t o  a c t  a s  b o t h  a  l u b r i c a n t  a n d  c o o l a n t .  I t  i s
t y p i c a l l y  a p p l i e d  d u r i n g  m a c h i n i n g  t h r o u g h  m e t h o d s  l i k e  f l o o d i n g ,  f l u i d  j e t s ,  o r  m i s t  s p r a y i n g .

A  g o o d  c u t t i n g  f l u i d  w i l l  s h o w c a s e  t h e  f o l l o w i n g  p r o p e r t i e s :

I t ’ s  i m p o r t a n t  t o  u n d e r s t a n d  w h a t  t y p e s  o f  c u t t i n g  f l u i d s  a r e  a v a i l a b l e  o n  t h e  m a r k e t ,  t h e  d i f f e r e n t  p r o p e r t i e s  a n d  f a c t o r s  t h a t  w i l l
i m p a c t  y o u r  m a c h i n i n g  p r o j e c t ,  a n d  h o w  t o  s e l e c t  a  c u t t i n g  f l u i d  t h a t  w i l l  r e d u c e  c o s t s ,  r e d u c e  i m p a c t  o n  t o o l s ,  a n d  b e s t  p r o t e c t  y o u r
w o r k p i e c e .



L u b r i c a t i o n
F r i c t i o n  i s  t h e  m a i n  c o n t r i b u t o r  o f  h e a t  b u i l d u p  d u r i n g  m a c h i n i n g ,  w h i c h  c a n  c a u s e  s u r f a c e s  t o  s t i c k
t o g e t h e r .  C u t t i n g  f l u i d s  h e l p  b y  f o r m i n g  a  t h i n  l a y e r  b e t w e e n  t h e  c h i p  a n d  t h e  t o o l ,  r e d u c i n g  t h e i r
c o n t a c t .  T h i s  l u b r i c a t i o n  a l s o  m i n i m i z e s  t o o l  w e a r  a n d  d e c r e a s e s  t h e  e n e r g y  n e e d e d  f o r  m a c h i n i n g .

I m p r o v e d  T o o l  L i f e
C u t t i n g  f l u i d s  e x t e n d  t o o l  l i f e  b y  c o o l i n g  t h e m  d u r i n g  m a c h i n i n g  o p e r a t i o n s ,  w h i c h  m i n i m i z e s  t h e  r i s k
o f  o v e r h e a t i n g .  B y  s i g n i f i c a n t l y  r e d u c i n g  f r i c t i o n ,  t h e s e  f l u i d s  e n s u r e  s m o o t h e r  a n d  m o r e  e f f i c i e n t
t o o l  p e r f o r m a n c e .

C h i p  E v a c u a t i o n
D u r i n g  o p e r a t i o n s  l i k e  m i l l i n g  a n d  d r i l l i n g ,  c h i p s  c a n  g a t h e r  a r o u n d  t h e  c u t t i n g  a r e a ,  p o t e n t i a l l y
h i n d e r i n g  t h e  o p e r a t i o n .  C u t t i n g  f l u i d s  h e l p  b y  r e m o v i n g  t h e s e  c h i p s  f r o m  t h e  c u t t i n g  z o n e .

C o o l i n g
D u r i n g  m e t a l  c u t t i n g ,  h e a t  b u i l d s  u p  i n  t h e  w o r k p i e c e ,  c h i p s ,  a n d  c u t t i n g  t o o l  d u e  t o  f r i c t i o n  a n d
m e t a l  d e f o r m a t i o n .  T h i s  h e a t  c a n  c a u s e  p r o b l e m s  l i k e  t h e r m a l  e x p a n s i o n ,  o x i d a t i o n ,  a n d  s u r f a c e
w e l d i n g .  C u t t i n g  f l u i d  h e l p s  c o o l  t h e  t o o l  a n d  w o r k p i e c e ,  p r e v e n t i n g  t h e s e  i s s u e s .

C u t t i n g  f l u i d s  a n d
c o o l a n t s  a r e  e s s e n t i a l  f o r
i m p r o v i n g  t h e  e f f i c i e n c y
a n d  q u a l i t y  o f  m a c h i n i n g .

Purpose
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CUTTING FLUIDS

C o r r o s i o n  P r e v e n t i o n
C u t t i n g  f l u i d s  c o n t a i n  r u s t  a n d  c o r r o s i o n  i n h i b i t o r s  t h a t  p r o t e c t  m a c h i n e  p a r t s  a n d  s u r f a c e s  f r o m  c o r r o s i o n .  M i n e r a l  o i l - b a s e d  c u t t i n g
f l u i d s  p r e v e n t  o x i d a t i o n  b y  c r e a t i n g  a  t h i n  p r o t e c t i v e  l a y e r  o n  e x p o s e d  s u r f a c e s .

I m p r o v e d  S u r f a c e  F i n i s h
C u t t i n g  f l u i d s  h e l p  a c h i e v e  a  s m o o t h  s u r f a c e  f i n i s h  o n  m a c h i n e d  p a r t s  b y  p r e v e n t i n g  t h e r m a l  e x p a n s i o n  a n d  c h a n g e s  i n  t h e  w o r k p i e c e
p r o p e r t i e s .



C u t t i n g  f l u i d s  a r e  c a t e g o r i z e d  b y  t h e i r  p h a s e ,  c o m p o s i t i o n ,  s o u r c e ,  a n d  a p p l i c a t i o n  m e t h o d .  T h e y  c a n  b e  g e n e r a l l y  g r o u p e d  a s  f o l l o w s .

Types
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S t r a i g h t  O i l s
S t r a i g h t  o i l s  a r e  m i n e r a l  o i l s  t h a t  d o  n o t  m i x  w i t h  w a t e r .  I n i t i a l l y ,
a n i m a l  a n d  v e g e t a b l e  o i l s  w e r e  u s e d  a s  p u r e  l u b r i c a n t s  i n  m e t a l
c u t t i n g .  W h i l e  t h e y  a r e  e c o - f r i e n d l y  d u e  t o  t h e i r
b i o d e g r a d a b i l i t y ,  t h e y  a r e  c o s t l y  a n d  b r e a k  d o w n  q u i c k l y .
T h e r e f o r e ,  t h e y  a r e  n o w  p r i m a r i l y  u s e d  a s  a d d i t i v e s  t o  e n h a n c e
t h e  l u b r i c a t i o n  o f  p e t r o l e u m  a n d  m i n e r a l  o i l s .

M i n e r a l  o i l s  a r e  m a d e  f r o m  r e f i n i n g  c r u d e  o i l  a n d  a r e  p e t r o l e u m -
b a s e d .  T h e y  o f t e n  i n c l u d e  a d d i t i v e s  l i k e  c h l o r i n e ,  p h o s p h o r u s ,
a n d  s u l f u r  t o  h e l p  r e d u c e  t o o l  w e a r .

CUTTING FLUIDS

S o l u b l e  O i l s
S o l u b l e  o i l s  a r e  m i x t u r e s  m a d e  b y  a d d i n g  m i n e r a l  o i l  t o  w a t e r ,
t y p i c a l l y  i n  a  r a t i o  o f  1 - 2 0 %  o i l  t o  w a t e r .  T h e s e  c o o l a n t s  i n c l u d e
e m u l s i f i e r s  l i k e  s o d i u m  s u l f a t e  t o  h e l p  o i l  b l e n d  w i t h  w a t e r ,
a d d i t i v e s  t o  e n h a n c e  c o r r o s i o n  r e s i s t a n c e  o r  a c t  a s  c o u p l i n g
a g e n t s ,  b i o c i d e s  t o  s t o p  b a c t e r i a  g r o w t h ,  a n d  a n t i - w e a r
a d d i t i v e s  t o  i m p r o v e  l u b r i c a t i o n .

S o l u b l e  o i l s  a r e  t h e  m o s t  a f f o r d a b l e  a n d  w i d e l y  u s e d  c u t t i n g
f l u i d s  i n  m a c h i n i n g .  T h e y  o f f e r  e f f e c t i v e  c o o l i n g  a n d  m o d e r a t e
l u b r i c a t i o n ,  m a k i n g  t h e m  i d e a l  f o r  l i g h t  c u t t i n g  t a s k s .

S y n t h e t i c  F l u i d s
T h e s e  w a t e r - b a s e d  f l u i d s  c o m p e t e  w i t h  m i n e r a l  a n d  p e t r o l e u m -
b a s e d  o i l s .  T h e y  a r e  c r e a t e d  b y  d i s s o l v i n g  o r g a n i c  a n d  i n o r g a n i c
c h e m i c a l  c o m p o u n d s  i n  w a t e r ,  a l o n g  w i t h  a d d i t i v e s .  T h e s e
a d d i t i v e s  i n c l u d e  l u b r i c a n t s ,  r u s t  i n h i b i t o r s ,  a n d  c o r r o s i o n
i n h i b i t o r s ,  w h i c h  e n h a n c e  p r o p e r t i e s  l i k e  l u b r i c a t i o n  t h a t  m i g h t
o t h e r w i s e  b e  r e d u c e d  b y  t h e  w a t e r  c o n t e n t .

S e m i - S y n t h e t i c  F l u i d s
S e m i - s y n t h e t i c  f l u i d s  b l e n d  s y n t h e t i c  f l u i d s ,  w a t e r - b a s e d
f l u i d s ,  a n d  s o l u b l e  o i l  e m u l s i o n s .  T h e y  c o n s i s t  o f  5 - 5 0 %  m i n e r a l
o i l ,  a d d i t i v e s ,  a n d  c h e m i c a l s  t h a t  d i s s o l v e  i n  w a t e r  t o  c r e a t e  t i n y
m i c r o e m u l s i o n s .  T h e s e  f l u i d s  o f f e r  t h e  b e n e f i t s  o f  b o t h  s o l u b l e
o i l  a n d  s y n t h e t i c  f l u i d s .



How to Choose the Right Cutting Fluid Factors
Workpiece Material

Cutting Tool Type

Machining Operation

Priority
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CUTTING FLUIDS

C h o o s i n g  a  c u t t i n g  f l u i d  d e p e n d s  o n  f a c t o r s  l i k e  t h e  t y p e  o f  c u t t i n g  t o o l ,  t h e  m a t e r i a l  o f  t h e
w o r k p i e c e ,  a n d  t h e  m a c h i n i n g  o p e r a t i o n .

W o r k p i e c e  M a t e r i a l
M e t a l s  a r e  t h e  p r i m a r y  m a t e r i a l s  t h a t  n e e d  c u t t i n g  f l u i d s .  H e r e  a r e  s o m e  c o m m o n l y  m a c h i n e d  m e t a l s
a n d  t h e i r  r e c o m m e n d e d  c u t t i n g  f l u i d s .

S t e e l  –  s t r a i g h t  o i l s  w i t h  a d d e d  l u b r i c a n t s
A l l o y  s t e e l s  –  m i n e r a l  o i l s
A l u m i n u m  –  s o l u b l e  o i l s  o r  m i n e r a l  o i l s  w i t h o u t  a c t i v e  s u l f u r  ( a c t i v e  s u l f u r  s t a i n s  a l u m i n u m )  
C o p p e r  –  s o l u b l e  o i l s
S t a i n l e s s  s t e e l s  –  s t r a i g h t  o i l s  c o n t a i n i n g  e x c e l l e n t  e x t r e m e - p r e s s u r e  a d d i t i v e s
C a s t  i r o n  –  N o n e

C u t t i n g  T o o l  T y p e
C a r b i d e  t o o l s  c a n  b e c o m e  e x t r e m e l y  h o t ,  m a k i n g  t h e m  p r o n e  t o  t h e r m a l  s h o c k ,  w h e r e  p a r t s  o f  t h e
t o o l  e x p a n d  u n e v e n l y .  F o r  t h e s e  t o o l s ,  u s e  a  s y n t h e t i c  c u t t i n g  f l u i d  w i t h  e x c e l l e n t  c o o l i n g
p r o p e r t i e s .

H i g h - s p e e d  s t e e l s  h e a t  u p ,  b u t  n o t  a s  m u c h  a s  c a r b i d e  t o o l s .  S o l u b l e  o i l s  a n d  s e m i - s y n t h e t i c  f l u i d s
w o r k  w e l l  f o r  t h e m .
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CUTTING FLUIDS

C h o o s i n g  a  c u t t i n g  f l u i d  d e p e n d s  o n  f a c t o r s  l i k e  t h e  t y p e  o f  c u t t i n g  t o o l ,  t h e  m a t e r i a l  o f  t h e
w o r k p i e c e ,  a n d  t h e  m a c h i n i n g  o p e r a t i o n .

M a c h i n i n g  O p e r a t i o n
M a c h i n i n g  o p e r a t i o n s  l i k e  t u r n i n g ,  m i l l i n g ,  f o r m i n g ,  a n d  d r i l l i n g  o c c u r  a t  h i g h  s p e e d s ,  r e q u i r i n g
s i g n i f i c a n t  c o o l i n g .  T h e s e  p r o c e s s e s  n e e d  o n l y  m o d e r a t e  l u b r i c a t i o n  a n d  p r e s s u r e  r e s i s t a n c e ,
m a k i n g  s y n t h e t i c  f l u i d s  t h e  b e s t  c h o i c e .  S o l u b l e  o i l s  c a n  a l s o  b e  u s e d .

F o r  c h a l l e n g i n g  m a c h i n i n g  t a s k s  l i k e  b r o a c h i n g  a n d  t h r e a d  c u t t i n g ,  e f f e c t i v e  l u b r i c a t i o n  i s  e s s e n t i a l .
T h e s e  p r o c e s s e s  o c c u r  a t  l o w  s p e e d s  a n d  h i g h  p r e s s u r e s ,  s o  c u t t i n g  f l u i d s  w i t h  s u p e r i o r  l u b r i c a t i o n
a n d  e x t r e m e  p r e s s u r e  c a p a b i l i t i e s  a r e  n e c e s s a r y .  M i n e r a l  o i l s  w i t h  e x t r e m e  p r e s s u r e  a d d i t i v e s  a r e
t h e  i d e a l  c h o i c e .

P r i o r i t y
I n  a d d i t i o n  t o  t h e s e  o t h e r  f a c t o r s ,  y o u ' l l  a l s o  w a n t  t o  c o n s i d e r  y o u r  g o a l  a n d  e n d - u s e .  U s e  t h e  t a b l e
b e l o w  t o  i d e n t i f y  w h a t  t h e  m o s t  a p p r o p r i a t e  m e t a l  c u t t i n g  f l u i d  w i l l  b e  b a s e d  o n  t h e  p r o j e c t ' s
p r i o r i t y .

   Precision Machining    Water-soluble fluids

   Heavy-duty Machining (steel, titanium)    Straight oils or emulsions

   High-speed Machining    Synthetic or semi-synthetic fluids



P r o p e r  c u t t i n g  f l u i d  m a i n t e n a n c e  e x t e n d s  t o o l  l i f e ,  p r e v e n t s  c o n t a m i n a t i o n ,  a n d  c u t s
c o s t s  b y  e n s u r i n g  t o p  p e r f o r m a n c e .  E q u a l l y  i m p o r t a n t  i s  r e s p o n s i b l e  d i s p o s a l ,  m a k i n g
i t  c r u c i a l  t o  f o l l o w  b e s t  p r a c t i c e s  i n  f l u i d  m a n a g e m e n t  a n d  w a s t e  r e d u c t i o n .

M a i n t e n a n c e
E s s e n t i a l  s t e p s  f o r  m a i n t a i n i n g  c u t t i n g  f l u i d  i n c l u d e :

A c c u r a t e l y  m o n i t o r  c o n c e n t r a t i o n  l e v e l s  ( t y p i c a l l y  d o n e  w i t h  r e f r a c t o m e t e r s  o r
c h e m i c a l  t i t r a t i o n )
K e e p  t h e  p H  l e v e l  b e t w e e n  8 . 5  a n d  9 . 5  t o  s t o p  b a c t e r i a  f r o m  g r o w i n g  a n d  k e e p  t h e
f l u i d  s t a b l e
R e g u l a r l y  r e m o v e  t r a m p  o i l  t o  m a i n t a i n  f l u i d  e f f i c i e n c y  a n d  l o w e r  d i s p o s a l  e x p e n s e s
I n s t a l l  f i l t r a t i o n  s y s t e m s  t o  r e m o v e  m e t a l  p a r t i c l e s  a n d  c o n t a m i n a n t s ,  w h i c h
e x t e n d s  t h e  f l u i d ' s  l i f e s p a n
P r o v i d e  t h o r o u g h  t r a i n i n g  s o  o p e r a t o r s  c a n  r e c o g n i z e  f l u i d  d e g r a d a t i o n  a n d  c a r r y
o u t  r o u t i n e  m a i n t e n a n c e  e f f i c i e n t l y

D i s p o s a l
T o  r e d u c e  e n v i r o n m e n t a l  i m p a c t  a n d  a v o i d  l e g a l  i s s u e s ,  f o l l o w  t h e s e  p r a c t i c e s  t o
c o m p l y  w i t h  e n v i r o n m e n t a l  r e g u l a t i o n s :

I m p l e m e n t  r e c y c l i n g  p r o g r a m s  t h a t  p r o l o n g s  f l u i d  l i f e  b y  f i l t e r i n g  a n d  r e p r o c e s s i n g
c o o l a n t s ,  w h i c h  r e d u c e s  b o t h  w a s t e  a n d  c o s t s
T e s t  c o o l a n t s  f o r  h a r m f u l  c h e m i c a l s  b e f o r e  d i s p o s a l  ( d o n e  a c c o r d i n g  t o  h a z a r d o u s
w a s t e  g u i d e l i n e s )
I n v e s t  i n  c o o l a n t  m a n a g e m e n t  s y s t e m s  t h a t  k e e p  f l u i d s  i n  g o o d  c o n d i t i o n  a n d
r e d u c e  w a s t e
U s e  b i o d e g r a d a b l e  c u t t i n g  f l u i d s  t o  r e d u c e  e n v i r o n m e n t a l  i m p a c t

Maintenance and Disposal

50

Technical Guide: CNC Machining INFORMATION@HPPI.COM | 303-530-3131

CUTTING FLUIDS



I n  C N C  M a c h i n i n g ,  c o s t s  v a r y  f o r  e a c h  p r o j e c t .  T h i n g s  l i k e
d e s i g n ,  e q u i p m e n t ,  m a t e r i a l s ,  a n d  i n s p e c t i o n  n e e d s  a l l
f a c t o r  i n t o  t h e  p r i c e  t a g .

C o u n t l e s s  f a c t o r s  i n f l u e n c e  m a c h i n i n g  c o s t ,  b u t  t h e  m a i n
c u l p r i t s  a r e  t h e  f o l l o w i n g :

P a r t  d e s i g n
M a t e r i a l
N R E  a n d  p r o g r a m m i n g
R a w  m a t e r i a l
M a c h i n i n g  p r o c e s s
T o o l i n g
P o s t - p r o c e s s i n g
V o l u m e

Machining Cost
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T h e  d e s i g n  a n d  s h a p e  o f  a  p a r t  g r e a t l y  i n f l u e n c e  t h e  c o s t  o f
C N C  m a c h i n i n g .

T h e  m o r e  c o m p l e x  a  p a r t  i s ,  t h e  h i g h e r  t h e  m a n u f a c t u r i n g  c o s t .
C o m p l e x  p a r t s  o f t e n  n e e d  a d v a n c e d  m a c h i n e r y ,  m o r e
m a c h i n i n g  t i m e ,  m u l t i p l e  s e t u p s ,  a d d i t i o n a l  r e s o u r c e s ,  a n d
t h o r o u g h  i n s p e c t i o n s  - -  a l l  o f  w h i c h  i n c r e a s e  c o s t s .

C e r t a i n  d e s i g n  f e a t u r e s  c a n  a l s o  i n c r e a s e  c o s t s .  T h e s e
i n c l u d e :

S h a r p  i n t e r n a l  c o r n e r s
T h i n  w a l l s
D e e p  c a v i t i e s
N o n - s t a n d a r d  h o l e  s i z e s
L e t t e r i n g

S u c h  f e a t u r e s  s h o u l d  b e  a v o i d e d  u n l e s s  n e c e s s a r y .
A d d i t i o n a l l y ,  d e s i g n  s p e c i f i c a t i o n s  l i k e  s u r f a c e  r o u g h n e s s  o r
t o l e r a n c i n g  m a y  n e e d  m u l t i p l e  p a s s e s  a n d  i n s p e c t i o n s ,  f u r t h e r
r a i s i n g  c o s t s .

L a r g e  p a r t s  c o s t  m o r e  t o  p r o d u c e  b e c a u s e  t h e y  n e e d  m o r e
r a w  m a t e r i a l s ,  r e s o u r c e s ,  a n d  m a n u f a c t u r i n g  t i m e  a n d  e f f o r t .

Design
MACHINING COST



F i x e d  c o s t s  r e p r e s e n t  t h e  f o u n d a t i o n a l  e x p e n s e s  i n c u r r e d  a t  t h e  s t a r t  o f  a
C N C  m a c h i n i n g  p r o j e c t ;  t h e s e  c o s t s  p r i m a r i l y  i n c l u d e  s e t u p  a n d
p r o g r a m m i n g .  R e g a r d l e s s  o f  t h e  q u a n t i t y  o f  p a r t s  o r d e r e d ,  t h e s e  c o s t s
a r e  a m o r t i z e d  a c r o s s  t h e  e n t i r e  p r o d u c t i o n  r u n .

T h i s  m e a n s  t h a t  a s  t h e  n u m b e r  o f  m a c h i n e d  p a r t s  i n c r e a s e s ,  t h e  f i x e d  c o s t
p e r  u n i t  d e c r e a s e s ,  o f f e r i n g  g r e a t e r  c o s t  e f f i c i e n c y  a n d  v a l u e  f o r  l a r g e r
o r d e r s .  U n d e r s t a n d i n g  t h i s  d i s t r i b u t i o n  c a n  h e l p  b u s i n e s s e s  o p t i m i z e  t h e i r
b u d g e t s  a n d  m a k e  i n f o r m e d  d e c i s i o n s  a b o u t  p r o d u c t i o n  v o l u m e s .

Fixed Cost Factors
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P r o g r a m m i n g  a n d  N R E
P r o g r a m m i n g  a n d  n o n - r e c u r r i n g  e n g i n e e r i n g  a c t i v i t i e s  f o r  m a c h i n i n g
j o b s  i n c u r  a  s i g n i f i c a n t  o n e - t i m e  c o s t .  F o r  c o m p l e x  p r o t o t y p e  p a r t s ,
t h i s  c a n  m a k e  u p  a  l a r g e  p a r t  o f  t h e  t o t a l  j o b  c o s t .  F u r t h e r ,  t h e  m o r e
c o m p l e x  f e a t u r e s  l e a d  t o  m o r e  c o m p l e x  p r o g r a m m i n g .  A i m  f o r  t h e
s i m p l e s t  m a c h i n i n g  s t r a t e g y  a n d  w o r k h o l d i n g  s e t u p s  t h a t  u s e
s t a n d a r d  t o o l s  w h e n e v e r  p o s s i b l e .

S e t u p
J o b  s e t u p  i s  t h e  p r o c e s s  o f  p r e p a r i n g  t h e  m a c h i n e  a n d  t h e  w o r k p i e c e
f o r  t h e  m a c h i n i n g  o p e r a t i o n ,  a n d  i s  a  f i x e d  c o s t  s p r e a d  o v e r  t h e  t o t a l
n u m b e r  o f  p a r t s  p r o d u c e d .  T o  l o w e r  t h e s e  c o s t s ,  f o l l o w  D F M
g u i d a n c e  s i m i l a r  t o  r e d u c i n g  p r o g r a m m i n g  e x p e n s e s .  D e s i g n i n g  f o r
s i m p l e  o r  s t a n d a r d  s e t u p s  h e l p s  c u t  j o b  s e t u p  c o s t s  i n  b o t h
p r o t o t y p e s  a n d  p r o d u c t i o n .

MACHINING COST



Related Read: What to Consider when Calculating Material Cost

U n l i k e  t h e i r  f i x e d  c o u n t e r p a r t s ,  s c a l e d  c o s t  f a c t o r s  c o r r e s p o n d  d i r e c t l y  t o  o r d e r  v o l u m e .  I f  y o u  p l a c e  a  h i g h  v o l u m e  o r d e r ,  y o u ' l l
n a t u r a l l y  s p e n d  m o r e  o n  t h e s e  t h i n g s  c o m p a r e d  t o  a  l o w  v o l u m e  r u n .
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M a t e r i a l
T h e  m a t e r i a l  u s e d  t o  m a k e  a  p a r t  i s  a  k e y  f a c t o r  i n  i t s  c o s t .  T h e r e  a r e  v a r i o u s  c o s t s  l i n k e d  t o
m a c h i n i n g  a  m a t e r i a l ,  w i t h  t h e  p r i m a r y  o n e  b e i n g  t h e  m a t e r i a l ' s  o w n  c o s t .  M a t e r i a l  p r i c e s  v a r y
b a s e d  o n  t h e i r  a v a i l a b i l i t y ,  d e s i r a b l e  p r o p e r t i e s ,  a n d  p r o d u c t i o n  c o s t s .

B e s i d e s  m a t e r i a l  c o s t s ,  m a c h i n a b i l i t y  s i g n i f i c a n t l y  a f f e c t s  e x p e n s e s .  M a t e r i a l s  t h a t  a r e
d i f f i c u l t  t o  m a c h i n e  r e q u i r e  m o r e  t i m e  a n d  e f f o r t ,  a n d  i n  C N C  m a c h i n i n g ,  t i m e  e q u a t e s  t o
m o n e y .  T h e  l o n g e r  i t  t a k e s  t o  m a c h i n e  a  p a r t ,  t h e  h i g h e r  t h e  c o s t .  A d d i t i o n a l l y ,  c h a l l e n g i n g
m a t e r i a l s  u s e  m o r e  r e s o u r c e s ,  s u c h  a s  c u t t i n g  f l u i d s ,  e l e c t r i c i t y ,  a n d  t o o l s .

M a c h i n i n g  P r o c e s s
T h e  c h o s e n  m a c h i n i n g  p r o c e s s  i s  a n o t h e r  k e y  c o s t  d r i v e r  t h a t  y o u  s h o u l d  k e e p  i n  m i n d  w h e n
a p p r o a c h i n g  a  C N C  m a c h i n i n g  p r o j e c t .  C o s t s  r e l a t e d  t o  a  m a c h i n i n g  p r o c e s s  i n c l u d e :

M a c h i n e  t y p e  a n d  c a p a b i l i t i e s  ( i . e . ,  3 - a x i s  m i l l  v s .  5 - a x i s  m i l l - t u r n  m a c h i n e )
M a c h i n e  t i m e  ( i . e . ,  s p i n d l e  t i m e ,  s e t u p  t i m e ,  c h a n g e o v e r  t i m e )
L a b o r  c o s t s  ( i . e . ,  r e q u i r e d  p r o g r a m m i n g ,  s e t u p ,  a n d  o p e r a t o r  c o s t s ;  l o c a t i o n  h a s  a n
i m p a c t  h e r e ,  a s  w e l l )

https://blog.hppi.com/engineering/calculating-material-cost?hsLang=en
https://blog.hppi.com/engineering/calculating-material-cost?hsLang=en


Related Read: How to Build a Streamlined Tool Kit

U n l i k e  t h e i r  f i x e d  c o u n t e r p a r t s ,  s c a l e d  c o s t  f a c t o r s  c o r r e s p o n d  d i r e c t l y  t o  o r d e r  v o l u m e .  I f  y o u  p l a c e  a  h i g h  v o l u m e  o r d e r ,  y o u ' l l
n a t u r a l l y  s p e n d  m o r e  o n  t h e s e  t h i n g s  c o m p a r e d  t o  a  l o w  v o l u m e  r u n .
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T o o l i n g
C u t t i n g  t o o l s  a l s o  i n f l u e n c e  t o t a l  e q u i p m e n t  c o s t  a n d  s c a l e
a c c o r d i n g l y  w i t h  t h e  v o l u m e  o f  y o u r  o r d e r .  M a t e r i a l ,  c o a t i n g ,
a n d  g e o m e t r y  a l l  a f f e c t  t o o l i n g  c o s t ,  a n d  c o s t s  a r e  f u r t h e r
e x t r a p o l a t e d  b a s e d  o n  t o o l  w e a r  a n d / o r  b r e a k a g e .  F o r  e x a m p l e ,
c e m e n t e d  c a r b i d e  t o o l s ,  w h i c h  a r e  h a r d e r ,  m o r e  h e a t  r e s i s t a n t ,
a n d  a b l e  t o  w i t h s t a n d  e x t r e m e  s p e e d s ,  c o s t  o v e r  t w o  t i m e s
m o r e  t h a n  t o o l  s t e e l  t o o l s .

P o s t - P r o c e s e s
S o m e  a p p l i c a t i o n s  n e e d  a d d i t i o n a l  s t e p s  l i k e  h e a t  t r e a t m e n t ,
s u r f a c e  f i n i s h i n g ,  a n d  c o a t i n g  t o  e n h a n c e  t h e i r  p e r f o r m a n c e ,
f e a t u r e s ,  a n d  a p p e a r a n c e  a f t e r  t h e  m a c h i n i n g  o p e r a t i o n .  A n d
e v e r y  c o m p o n e n t  w i l l  r e q u i r e  i n s p e c t i o n .  T h e s e  e x t r a  p r o c e s s e s
a d d  t o  t h e  p a r t ' s  c o s t ,  a n d  o b v i o u s l y  t h o s e  c o s t s  c o r r e s p o n d  t o
o r d e r  v o l u m e .

https://blog.hppi.com/engineering/build-a-streamlined-tool-kit?hsLang=en
https://blog.hppi.com/engineering/build-a-streamlined-tool-kit?hsLang=en


T a k i n g  p a r t  d e s i g n ,  a s  w e l l  a s  f i x e d  a n d  s c a l e d  f a c t o r s .  i n t o  a c c o u n t ,  k e e p  i n  m i n d  t h a t  t h e r e  i s  a n  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  p e r -
u n i t  c o s t  a n d  p r o d u c t i o n  v o l u m e ,  o f t e n  r e f e r r e d  t o  a s  e c o n o m i e s  o f  s c a l e .

W h i l e  o v e r a l l  c o s t s  m a y  b e  l o w e r  f o r  l o w - v o l u m e  p r o d u c t i o n ,  t h e y  w i l l  h a v e  a  h i g h e r  p e r - u n i t  c o s t .  C o n c u r r e n t l y ,  t h e r e  a r e  m o r e
u p f r o n t  c o s t s  a s s o c i a t e d  w i t h  h i g h - v o l u m e  p r o d u c t i o n ,  b u t  t h e  p e r - u n i t  c o s t  i s  m u c h  l o w e r .

L e t ’ s  t a k e  a  c l o s e r  l o o k  a t  t h e  r e l a t i o n s h i p  b e t w e e n  p r o d u c t i o n  v o l u m e  a n d  c o s t .

Scaled Cost Factors
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L o w  V o l u m e  P r o d u c t i o n
L o w - v o l u m e  p r o d u c t i o n  i s  a n  e s s e n t i a l  a n d  o f t e n  n e c e s s a r y
p h a s e  i n  t h e  m a n u f a c t u r i n g  p r o c e s s  a n d  p r o d u c t  l i f e c y c l e .  

L o w - v o l u m e  p r o d u c t i o n  r e q u i r e s  m i n i m a l  i n i t i a l  i n v e s t m e n t  a n d
i s  i d e a l  f o r  t e s t i n g  a  p r o d u c t ' s  v i a b i l i t y  b e f o r e  m o v i n g  t o  l a r g e -
s c a l e  p r o d u c t i o n .  H o w e v e r ,  o p t i m i z i n g  t h e s e  p r o c e s s e s  c a n  b e
c h a l l e n g i n g  s i n c e  t h e  c o s t  b e n e f i t s  o f  m a s s  p r o d u c t i o n  a r e  n o t
y e t  a p p l i c a b l e .

S m a l l  o r d e r  q u a n t i t i e s  o f t e n  c o m e  w i t h  h i g h e r  c o s t s ,  a n d  m a n y
C N C  m a c h i n i n g  s u p p l i e r s  h a v e  m i n i m u m  o r d e r  r e q u i r e m e n t s
t h a t  m i g h t  b e  m o r e  t h a n  y o u  n e e d  f o r  l o w - v o l u m e  p r o d u c t i o n .

H i g h  V o l u m e  P r o d u c t i o n  
A s  y o u  i n c r e a s e  t h e  n u m b e r  o f  i d e n t i c a l  p a r t s  p r o d u c e d ,  t h e
c o s t  p e r  u n i t  d r o p s  s i g n i f i c a n t l y .  T h i s  c o s t  r e d u c t i o n  h a p p e n s
b e c a u s e  y o u  o n l y  n e e d  t o  h a n d l e  t h e  C A D  d e s i g n ,  C A M
p r e p a r a t i o n ,  a n d  m a c h i n e  s e t - u p  o n c e  f o r  a l l  p a r t s .

G e n e r a l l y ,  o r d e r i n g  i n  l a r g e r  q u a n t i t i e s  l e a d s  t o  c o s t  s a v i n g s
t h r o u g h o u t  t h e  s u p p l y  c h a i n .  T h i s  i n c l u d e s  s a v i n g s  o n  r a w
m a t e r i a l s ,  c a s t i n g s ,  m a c h i n e d  p a r t s ,  p o s t - p r o c e s s i n g ,  a n d
m o r e .
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About Hirsh Precision
Hirsh Precision is a high-mix, high-volume CNC
machining solution provider for the medical device,
aerospace and industrial sectors. 

Our DFM, machining, and post-machining processes
support OEMs from the design stage all the way
through product launch. 

Resources
Website: hppi.com 

Phone: 303-530-3131

Quote: quote@hppi.com

https://hppi.com/
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