
MILLING MACHINES
Rotating multi-tooth cutters — from the knee mill to 5-axis CNC. Anatomy, cutters, speeds & feeds, CNC workflow, defects and safety on one poster

40,000 rpm spindle speed up to\nhigh-speed machining

0.01–2 mm/tooth feed per tooth —\nadjustable for material

±0.005–0.01 mm CNC positioning\ntolerance (µm class)

3–5 axis movement axes:\nX, Y, Z + A/B rotary

2,000+ milling cutter\ntypes & variants

THE PROCESS

WHAT IS MILLING?
Milling removes material with a rotating multi-tooth cutter: each tooth is a cutting edge that takes a small chip as the cutter spins and the work feeds past it. The cutter both cuts and travels, so it can shape a
surface, not just a hole.
The machine families
• Knee & column — classic mill; the knee moves the whole table up/down
• Bed mill — table rides a fixed bed; more rigid, heavier cuts
• Gantry mill — huge bridge moves over a fixed table; big castings, dies
• Bridgeport — legendary knee-mill with a swivelling turret head
• CNC VMC / HMC — vertical / horizontal machining centres with auto tool changers (ATC), coolant and full CNC; the modern standard
Milling produces flat faces, slots, grooves, keyways, threads, gears and 3-D profiles in metals, plastics and composites — the most versatile machining process.

THE MACHINE

ANATOMY OF A MILLING MACHINE
• Base — heavy cast-iron foundation that absorbs vibration
• Column — vertical body housing the spindle drive & motor
• Knee — slides up/down the column and carries the table (knee mills)
• Saddle & table — saddle crosses the knee; T-slotted table (for clamps) rides on it
• Spindle — rotating shaft holding the cutter (R8, ISO/Morse taper, BT/HSK)
• Quill — sleeve that moves the spindle down for plunging / Z feed
• Arbor — horizontal bar on horizontal mills holding slab cutters between supports
• Overarm — projecting arm supporting the outer arbor bearing
• Coolant system — flood / mist flushes chips and cools the cut zone
CNC control — the computer reads G-code and drives the axes. Servo motors + ballscrews position X / Y / Z; a rotary table adds a 4th (A/B) and even a 5th tilting axis.

HOLDING THE WORK

WORKHOLDING
• Machine vise — most common; two hardened jaws clamp a prismatic part — quick, rigid
• Soft jaws — aluminium/plastic jaws machined to the exact part shape; no distortion or scratches
• Table clamps & step blocks — bolted into T-slots for odd-shaped or oversize work
• Fixture / sub-plates — drill-tapped grid plates for repeated, offset-free setups
• Vacuum chuck — holds thin sheet by suction; no clamping pressure on the part
• Tombstone — 4-sided fixture block on an HMC so several parts face the spindle
• Rotary table / indexer — rotates the work for circular features and divisions
• Angle plate & vee blocks — hold parts inclined or cylindrical
Rule: clamp the whole part down — a loose part and a spinning cutter is a recipe for disaster.

OPERATIONS

TYPES OF MILLING — WHAT EACH OPERATION DOES
The cutter, feed direction and machine geometry together decide which shape you get.

Operation What it does Typical cutter Result

<b>Face milling</b> Cutter axis vertical; teeth on face &amp; periphery machine a flat top surface — the most common finishing op. Face / shell mill Flat surface

<b>Plain / peripheral / slab</b> Horizontal cutter; cut on the circumference removes material across a wide flat area. Slab / plain mill on arbor Wide flat face

<b>End milling</b> Vertical cutter, teeth on end and sides; plunges and cuts profiles, slots, shoulders, contours. End mill Slots, shoulders, profiles

<b>Slotting</b> Cutting a closed or open slot / keyway; the cutter plunges then travels along. End mill / slot drill Keyways, slots

<b>Side milling</b> Cutter teeth on the side machine a vertical wall; two side-and-face cutters straddle a groove. Side &amp; face (straddle) Groove sides, thin faces

<b>Form milling</b> Cutter profile is ground to a shape and reproduced — gears, splines, convex/concave, threads. Form / gear / convex Reproduced profile

<b>Drilling &amp; boring</b> Milling machines also drill holes and bore them to size with a single-point boring head. Twist drill, boring head Holes to tolerance

FEED DIRECTION

CLIMB vs CONVENTIONAL MILLING — WHICH WAY TO CUT
Conventional (up) milling Climb (down) milling

Cutter rotation vs feed Feed opposes rotation — chip thickens from zero Feed with rotation — chip thins from maximum

Chip thickness Starts at zero, grows to max (slides first) Starts at max, falls to zero

Lift on work Tends to lift the work off the table Tends to press the work DOWN on the table

Wear / finish More rubbing, faster wear, rougher finish Less wear, better finish, longer tool life

Backlash Safe on old machines (no pull-in) Needs backlash-free ball screws or the table grabs

Best for Old machines, thin/flexible parts, tough skin CNC, most finishing, harder materials

CUTTING TOOLS

MILLING CUTTERS — SHAPE MEETS JOB
Flutes are the spiral grooves that form the cutting edges and carry chips away.

Cutter Shape What it's used for

<b>End mill</b> Cylinder, flat bottom, teeth on end + sides The workhorse — slots, shoulders, profiles, plunging, contours

<b>Face / shell mill</b> Large disc, teeth on the face, short body Large flat surfaces, facing block tops

<b>Slab / plain mill</b> Wide cylinder, teeth around the circumference Horizontal milling of wide flat areas

<b>Ball nose end mill</b> Hemispherical ball end 3-D contours, sculpted surfaces, dies &amp; moulds

<b>Slot drill</b> 2-flute end mill cutting to centre Plunges straight down, then cuts keyways/slots

<b>Fly cutter</b> Single tool bit on a bar, one cutting edge Cheap fine-finish facing of large flat surfaces

<b>T-slot cutter</b> Horizontal disc on a slim neck Cuts T-slots in machine tables / workholding

<b>Dovetail cutter</b> Tapered cone with 45°/60° angled teeth Cuts dovetail slides and angled grooves

<b>Woodruff / key-seat</b> Small disc with a centre arbor hole Cuts Woodruff keys; mostly horizontal mills

<b>Thread mill</b> Helical-fluted bar CNC helical interpolation of internal/external threads

CUTTING MATERIALS

TOOL MATERIALS & COATINGS
• HSS (high-speed steel) — tough, cheap, easy to grind; moderate heat resistance; good for low speed and hand-shaping
• Carbide (WC + Co) — very hard, runs 5–10× faster than HSS, holds an edge at high heat; brittle so needs a rigid machine — the CNC standard
• CBN (cubic boron nitride) — second-hardest after diamond; cuts hard ferrous steels & hardened parts (45 HRC +)
• PCD (polycrystalline diamond) — hardest; for aluminium, composites, carbon fibre — never steel (carbon reacts with diamond)

COATINGS — a thin ceramic layer cuts friction, heat and wear:
• TiN — gold, general-purpose wear layer
• TiAlN / AlTiN — grey/blue, superb heat resistance — the CNC workhorse
• TiCN / ZrN / AlCrN / Diamond — hardness, toughness, abrasion specials
• Coated tools cut faster, last longer, finish cleaner.
Inserts & indexable tooling — throwaway carbide inserts (square, round, triangular, rhombic) screwed to a steel body; rotate to a fresh edge when worn, no re-grinding. Cheap per edge, ultra-repeatable — the
mass-production standard.

SPEEDS & FEEDS

FEEDS, SPEEDS & DEPTH OF CUT
Cutting speed V (m/min) — surface speed where cutter meets work; set by material & tool: HSS aluminium ~100–300, HSS steel ~20–35, carbide steel ~80–250 m/min.
Spindle speed: n = (1000 × V) ÷ (π × D)
where V = cutting speed (m/min), D = cutter diameter (mm); larger cutter → slower rpm. Example: V = 150, D = 20 mm → n ≈ 150,000 ÷ 62.8 ≈ 2,390 rpm.
• Feed per tooth fz — material removed by each tooth per revolution; 0.01–0.05 mm/tooth (finish) to ~2 mm/tooth (roughing)
• Feed rate = fz × teeth × rpm — the table travel speed in mm/min
• Axial depth (Ap) — depth along the spindle axis; radial depth (Ae) — cut width sideways
• Roughing — big Ap/Ae + coarse feed for fast removal; finishing — light passes, fine feed for surface quality
Start conservative, use the manufacturer's speed/feed charts, and listen for chatter.

GOING CNC

THE CNC MILLING WORKFLOW
• 1. CAD — design the part (SolidWorks, Fusion, FreeCAD) → a 3-D solid model
• 2. CAM — CAM software reads the model and creates the toolpaths the cutter follows
• 3. Post-processor — converts generic toolpaths into G-code for YOUR machine/controller
• 4. G-code — the program: G00 rapid, G01 line, G02/G03 arcs, G41/G42 cutter comp, M03 spindle on, M08 coolant, T/F/S codes
• 5. Load & verify — touch off tools, zero the work offsets, dry-run & simulate
• 6. Machine — run the program; the cutter removes material layer by layer
CORE TOOLPATHS — Rough (remove bulk fast) · Finish (fine surface pass) · Contour (follow an edge) · Pocket (clear an internal region) · Drill (spot, peck, tap) · Adaptive (constant chip load).
Repeatability comes from offsets, tool-length compensation and good fixtures — the same program makes identical parts all day.

CHOOSE THE PROCESS

MILLING vs LATHE vs ROUTER vs MILL-DRILL
Round parts turn, flat parts mill — pick the machine that suits the part. Pros and cons below.

Machine Best at Workpiece motion Spindle Tolerance Typical use

<b>Milling machine</b> Flat faces, slots, keyways, gears, dies; up to 5-axis Table moves X/Y (+Z knee); cutter rotates Vertical / horizontal ±0.01–0.05 mm Brackets, housings, moulds, tooling

<b>Lathe</b> Round / cylindrical parts, shafts, threads — work spins, cutter feeds Workpiece ROTATES; cutter moves linearly Holds spinning work ±0.01–0.05 mm Shafts, pins, bolts, pulleys

<b>CNC router</b> Large sheet parts in wood, MDF, plastic, foam, soft Al High-rpm spindle moves over fixed table High rpm, light ±0.1–0.5 mm Signs, panels, foam models

<b>Mill-drill</b> Drilling + light milling; hobby / light workshop Small knee table Vertical ±0.1+ mm Drill &amp; light mill jobs

<b>Advantages — why mill</b> <b>Limitations — the trade-offs</b>

+ <b>Precision</b> — µm-class, tighter than most processes − <b>Setup time</b> — fixturing, tooling &amp; offsets take time per part

+ <b>Wide material range</b> — metals, plastics, composites − <b>Tool cost</b> — carbide cutters &amp; holders are expensive

+ <b>Complex geometry</b> — slots, threads, 3-D surfaces, undercuts (5-axis) − <b>Needs skill</b> — speeds/feeds, programming, fixturing

+ <b>Multi-axis CNC</b> — free-form parts in one setup − <b>Machining waste</b> — material is lost as chips

+ <b>Repeatability</b> — identical parts all day on CNC − <b>Hard alloys</b> — need expensive tools and rigid machines

+ Flat faces &amp; slots no other process beats − Wasteful for solid round parts — turn those instead

TROUBLESHOOTING

MILLING DEFECTS — RECOGNISE, CAUSE, FIX
Chip colour, sound and surface tell you exactly what is going wrong.

Problem What it looks like Main cause Fix

<b>Chatter</b> Loud vibration, wavy 'chatter' marks on the surface Too flexible setup, wrong speeds/feeds, long tool overhang Rigid setup; raise/lower rpm; shorten tool stick-out; climb mill

<b>Tool deflection</b> Wall leans, dimensions grow, cut wanders Too much radial load for the tool's stiffness; long slender tool Reduce depth/feed; bigger or shorter tool; more flutes; step down

<b>Built-up edge (BUE)</b> Bumpy, torn surface; work material welds to the tooth Chip fuses to the edge — low speed, soft sticky metal, no coolant Raise speed, use coolant / lubricant, coated tool, sharper edge

<b>Poor finish</b> Rough or scratched surface, visible feed marks Worn tool, wrong feed, chatter, dull edge, wrong rpm Sharpen/replace tool; reduce feed; correct speed; light finish pass

<b>Overheating</b> Blue/dark chips, burned work or edge, smoke Too fast, too heavy, no coolant, worn tool Slow speed/feed, apply flood/mist coolant, sharper tool

<b>Tool breakage</b> Flute or shank snaps, 'explosive' failure Too deep a cut, hard spot, clogged chip, wrong speed, run-in Reduce depth; clear chips; correct speeds; check workpiece hardness

STAY SAFE

MILLING SAFETY
• Always wear safety glasses / full face shield — chips fly at high speed
• Ear protection — mills are loud (90+ dB)
• No loose clothing, ties, long hair or gloves — they catch on the spinning cutter
• Keep guards in place; never reach over a running spindle
• Never clean swarf (chips) by hand while the cutter spins — use a brush or stop the machine
• Clamp the work firmly; nothing can be hand-held against a milling cutter
• Use the correct tool for the job; a broken cutter is a flying projectile
• Turn off and isolate before changing tools, measuring or cleaning
• Know where the e-stop is — press it the instant anything looks wrong
The milling machine gives no warning: it cuts metal at hundreds of metres per minute. Respect it.

QUICK REFERENCE

RULES OF THUMB
• n (rpm) = (1000 × V) ÷ (π × D) — the one formula you must remember
• Bigger cutter = slower rpm; harder material = slower speed
• Climb mill for CNC finishing; conventional for old / sloppy machines
• More flutes = better finish, less chip clearance = cautious in slots
• Feeds/speeds start low, creep up until chips look right (tight curled)
• Coolant: flood for metals, mist/air blast for plastics & composites
• Never machine hardened or case-hardened parts with HSS
• Face mills for flattened tops; ball noses for 3-D contours
• Rough first, finish second — never both in one pass
• Touch every tool to the top; offset zeros are sacred
Mills cut in mm and rpm; get the units right the first time.

BIG PICTURE

WHY MILLING MATTERS
Milling is the heart of modern manufacturing — it makes the moulds that make everything else. Almost every metal part you touch (car, phone, plane, machine) was touched by a milling cutter, either directly
or via machined dies, moulds and fixtures.
From a hand-cranked Bridgeport to a 5-axis machining centre running 40,000 rpm, the principle is identical: a multi-tooth spinning cutter, a rigid feed, and precise control of both.
Digital control (CNC) turned a craftsman's skill into a repeatable, programmable, 24-hour process — the same program makes the same perfect part at 2 a.m. as at 2 p.m.
Master the cutter, the speeds and feeds, the workholding and the safety — and you master the machine that builds civilisation.

VOCABULARY

GLOSSARY — 20 KEY MILLING TERMS
Spindle — rotating shaft that holds and turns the cutter Quill — sleeve moving the spindle vertically for Z / plunging

Arbor — horizontal bar holding slab cutters on horizontal mills Table — T-slotted flat work surface that feeds the part

Knee — vertical slide carrying the table on knee mills Column — main vertical body housing the spindle drive

Face mill — cutter with teeth on the face for flat surfaces End mill — cylinder cutter, teeth on end and sides

Ball nose — end mill with a hemispherical ball end for contours Slot drill — 2-flute end mill that plunges then cuts keyways

Climb milling — feed with rotation — presses work down, fine finish Conventional milling — feed against rotation — safer on old machines

Flute — spiral groove forming the cutting edge, carries chips Feed rate — table travel speed in mm/min

Cutting speed — surface speed (m/min) at the cutter edge Depth of cut — material removed in one pass — axial or radial

Coolant — flood/mist fluid flushing chips and cooling the cut G-code — the part program language a CNC control reads

Tolerance — allowable size variation — e.g. ±0.01 mm Workholding — vises, clamps, fixtures holding the part rigid

MILLING MACHINES & CNC MILLING · DT IGCSE Manufacturing · Poster edition · the multi-tooth rotating cutter · 40,000 rpm · ±0.005 mm tolerance · 2,000+ cutter types · climb the feed, clamp the work, respect the chip


