Thermomechanical Processing and
Forging of High-Carbon Tool Steels: A
Comprehensive Beginner's Guide to O-1,

1084, and 5160

Introduction to Applied Metallurgy and
Thermomechanical Processing

The practice of blacksmithing and bladesmithing is defined by the fundamental manipulation of
ferrous metals through localized thermal application, applied kinetic energy, and controlled
phase transformations'. For the novice practitioner transitioning from the relatively forgiving
nature of mild structural steels to the demanding parameters of high-carbon tool steels, the
margin for error narrows exponentially. The successful transformation of raw, annealed bar
stock into a resilient, high-performance edge tool requires a rigorous understanding of
metallurgical physics, crystalline lattice structures, and thermal kinetics'.

This comprehensive analysis investigates the specific thermomechanical processing
parameters required for three foundational high-carbon alloys frequently recommended for
beginners: AISI 1084, AlSI 5160, and AISI O-1°. By examining the distinct chemical compositions
of these steels, the practitioner can accurately predict their behavior under the hammer, their
hardenability profiles, and their response to thermal cycling. Furthermore, this report details
the precise methodologies for the fabrication of foundational tooling, visual pyrometry
(incandescence), austenitizing, quenching, and tempering. Advanced metallurgical
frameworks, such as Time-Temperature-Transformation (TTT) diagrams, the Hall-Petch grain
refinement relationship, and the Divorced Eutectoid Transformation (DET), are integrated to
provide a complete understanding of the internal atomic mechanisms governing the steel's
final mechanical properties®. Finally, critical occupational health and safety protocols governing
the forging environment are established to mitigate the severe industrial hazards inherent to
the craft’.

Section I: Foundational Equipment, Fabrication, and
Occupational Safety

Before engaging in the thermomechanical processing of high-carbon alloys, the novice must
establish a functional, physically efficient, and metallurgically sound working environment. The
initial barrier to entry often lies in the procurement of high-mass tooling, specifically the anvil,
and the specialized gripping implements required to handle incandescent steel safely’. The
intelligent repurposing of industrial scrap steel provides a highly effective solution, provided the
underlying physics of kinetic energy transfer are understood'.



The Physics of Anvil Fabrication and Kinetic Reflection

Forging efficiency is entirely dictated by the conservation of momentum and the reflection of
kinetic energy. The kinetic energy delivered by the blacksmith's hammer is absorbed either by
the plastic yielding of the hot steel workpiece or by the elastic deformation and physical
displacement of the anvil itself'. Engineering standards mandate a minimum anvil-to-hammer
mass ratio of 20:1, with a ratio of 40:1 or greater representing optimal mechanical efficiency for
professional forging'.

When scavenging heavy industrial scrap—such as decommissioned railroad track segments or
42CrMo4 (AISI 4140) forklift tines—the geometric orientation of the mass is as critical as the
total weight'. A pervasive error among beginners is mounting a railroad track segment
horizontally. In this orientation, the thin vertical web of the track acts identically to a leaf spring,
flexing microscopically under the load of the hammer'. This elastic deformation absorbs the
kinetic energy, resulting in poor rebound, rapid physical fatigue, and highly inefficient metal
movement'. The vastly superior geometric configuration is to mount the rail segment vertically,
standing it upright on its factory-cut transverse end'. This aligns the entire mass of the steel
segment directly under the hammer blow as an unbroken, solid column, completely eliminating
web flex and maximizing the efficiency of energy transfer into the workpiece'.

Furthermore, the sharp, ninety-degree factory edges of the steel block must be addressed
prior to forging'. If incandescent steel is hammered over a perfectly sharp anvil edge, the anvil
will forge a microscopic, sharp internal corner into the workpiece'. In mechanical engineering, a
sharp internal corner acts as a severe stress riser—a geometrical focal point where applied
forces are exponentially concentrated, leading to rapid crack propagation, cold shuts, and
eventual brittle fracture’. The practitioner must apply a smooth, variable radius along the
working edges of the anvil using an abrasive flap disc'.

Acoustic Dampening and Impedance Mismatch

The kinetic energy not consumed by deforming the hot steel transfers directly into the elastic
mass of the anvil body, exciting the natural resonant frequencies of the steel and resulting in
extreme, high-frequency acoustic vibrations'. This characteristic "ring" is a severe occupational
hazard capable of causing cumulative noise-induced hearing loss'. To silence the anvil, its mass
must be mechanically coupled to an anvil stand (typically a massive hardwood log). The optimal
modern solution is the application of a thick, continuous bed of pure silicone caulk between the
anvil and the stand'. The cured silicone acts as a highly efficient elastomeric vibration
dampener. Because the silicone possesses an acoustic impedance that differs vastly from both
the high-density steel and the cellular structure of the wood, the severe acoustic impedance
mismatch absorbs and dissipates the acoustic energy as trace amounts of thermal energy,
transforming the dangerous scream of the steel into a dull, efficient thud'.

Tool Fabrication: The Pedagogy of Tongs

Standard hardware tools or slip-joint pliers are dangerously inadequate for blacksmithing; their
short handles conduct heat rapidly, and their generalized jaws cannot securely lock onto heavy
stock, creating a severe kinetic hazard where a glowing billet can be ejected at high velocity'.



The forging of a pair of flat-jaw tongs is the ultimate pedagogical exercise for the beginner,
demanding the synthesis of mass isolation, tapering, shouldering, and riveting'.

A pair of tongs consists of two identical halves that are mirrored during assembly. The
architecture of each half consists of the jaw, the boss (the central hinge plate), and the rein (the
handle). The transition between these zones is achieved through "setting down" over the anvil
edge'. The beginner must utilize the "rule of 90 degrees": after establishing the jaw with a
half-face hammer blow over the far edge of the anvil, the bar is rotated exactly 90 degrees
counter-clockwise'. A second set-down isolates the thick boss, and a subsequent 90-degree
rotation allows for the drawing out of the reins'. The two halves are then mechanically joined by
hot-punching a hole through the boss and peening a mild steel rivet. Unlike drilling, hot
punching does not sever the continuous grain flow of the steel, maintaining the structural
integrity of the highly stressed hinge area’'.

Occupational Atmospheric Hazards

Adherence to occupational safety standards, such as those outlined by the German Social
Accident Insurance (DGUV Information 109-607), is mandatory'. Solid-fuel forges and poorly
tuned gas forges generate massive quantities of carbon monoxide (CO), an invisible, odorless
gas that aggressively binds to hemoglobin and induces rapid asphyxiation'. High-volume
cross-ventilation or industrial extraction hoods are non-negotiable’.

Under no circumstances should the blacksmith heat or forge galvanized steel. The sacrificial
layer of zinc rapidly vaporizes at temperatures exceeding 400°C, oxidizing into sub-micron
particulates'. Inhalation causes acute zinc fume fever, a severe toxic reaction characterized by
violent chills, nausea, a metallic taste, and high fever'. Additionally, the fabrication of traditional
refractory linings utilizing dry clay or crushed firebrick introduces the risk of aerosolizing
respirable crystalline silica, a severe carcinogen that causes silicosis. All mixing must be
executed as a "wet-work" process while wearing appropriate N95 or P100 particulate
respirators’.

Section lI: Metallurgical Characterization of
High-Carbon Tool Steels

The selection of a specific steel alloy dictates every subsequent parameter of the forging and
heat-treating process. Carbon content determines the maximum potential hardness, while
secondary alloying elements—such as chromium, manganese, tungsten, and vanadium—alter
the depth of hardening, wear resistance, and the critical cooling rate required to bypass the
formation of soft pearlite’®. For the beginner, three specific steels provide an optimal
progression of metallurgical complexity.

AISI 1084: The Baseline Eutectoid Steel

AISI 1084 is a simple, high-carbon steel possessing roughly 0.80% to 0.84% carbon and 0.60%
to 0.90% manganese®. Because its carbon content rests precisely at the eutectoid point of the
iron-carbon phase diagram, 1084 lacks the complex secondary carbides found in higher alloy
steels’. This makes it exceptionally forgiving in the forge and highly responsive to simple heat



treatment protocols’.

It goes into complete solid solution at relatively low austenitizing temperatures without the
absolute necessity for extended soak times, making it the universally recommended starting
point for novice bladesmiths operating without calibrated kilns’. However, because 1084 lacks
deep-hardening alloying elements like chromium or molybdenum, it is classified as a
shallow-hardening steel®. This necessitates an extremely rapid quench medium to extract
thermal energy fast enough to ensure full martensitic conversion before the steel can naturally
decompose into pearlite™.

AISI 5160: The High-Toughness Chromium Spring Steel

AISI 5160 is a hypoeutectoid spring steel composed of nominally 0.56% to 0.64% carbon,
0.75% to 1.00% manganese, and critically, 0.70% to 0.90% chromium?®:. The chromium addition
drastically alters the hardenability of the steel. By suppressing the diffusion rate of carbon,
chromium shifts the phase transformation curves, allowing 5160 to be quenched in slower,
more forgiving medium-speed oils while still achieving full, deep-section martensitic
conversion®,

While frequently scavenged by beginners from automotive leaf springs or coil springs, virgin
5160 provides unparalleled impact toughness, fatigue resistance, and resilience’. It is the
premier choice for large, heavy-duty implements subjected to massive kinetic shock, such as
axes, camp knives, and swords?®. Due to its moderate carbon content (approximately 0.60%),
5160 forms almost exclusively tough "lath" martensite rather than brittle "plate” martensite,
resulting in extraordinary mechanical durability even under severe lateral stress™.

AISI O-1: The Deep-Hardening Cold Work Tool Steel

AISI O-1 (or its European equivalent 1.2510 / 100MnCrW4) represents a significant leap in
metallurgical complexity®. It is a hyper-eutectoid, deep-hardening tool steel highly alloyed with
carbon (0.90% - 1.05%), manganese (1.00% - 1.20%), chromium (0.50%), tungsten (0.50%),
and trace vanadium (0.15%)".

The presence of tungsten and chromium creates extremely hard, wear-resistant complex
carbides that require precise temperature control and extended soak times (typically 10 to 30
minutes) at austenitizing temperatures to fully dissolve into the high-temperature austenitic
matrix®. O-1 exhibits exceptional dimensional stability during quenching (hence the "O"
designation for Oil-hardening) and provides superior edge retention®. However, it demands
accurately calibrated kilns or extremely careful muffle-forge techniques to extract its full
potential; attempting to heat treat O-1in a rudimentary open forge often results in incomplete
carbide dissolution, excessive retained austenite, and suboptimal performance®.

Alloy Nominal Key Alloying Primary Ideal
Designation Carbon (C) Elements Metallurgical Quenchant
Characteristic | Speed

AISI 1084 0.80% - 0.84% Manganese Eutectoid Fast (e.g.,
baseline; highly



(0.60-0.90%) forgiving heat Parks 50)
treatment.
AISI 5160 0.56% - 0.64% Chromium Hypoeutectoid Medium (e.g.,
(0.70-0.90%) ; extreme AAA, Canola)
impact
toughness and
deep
hardenability.
AISI O-1 0.90% - 1.05% Tungsten Hyper-eutectoi = Medium (e.g.,
(0.50%), Cr d; high wear AAA)
(0.50%), Mn resistance and
(1.00%) dimensional
stability.

Section lll: The Physics of Forging and Visual
Temperature ldentification

The act of forging relies entirely on elevating the steel to a state of thermal plasticity. At high
temperatures, the internal crystalline bonds are temporarily weakened by kinetic thermal
energy, allowing for massive plastic deformation without initiating fracture mechanics'.

Visual Temperature Identification: The Incandescence Spectrum

In the absence of calibrated digital thermocouples, the blacksmith must rely on black-body
radiation—the visible spectrum of incandescence emitted by heated steel—to gauge forging,
normalizing, and austenitizing temperatures’. Because the human eye's perception of color is
heavily influenced by ambient lighting conditions, the forge environment must be consistently
shaded to ensure accurate visual pyrometry?°.

Visual Approximate Approximate Metallurgical
Incandescence Temp (°F) Temp (°C) Phase / Process
Color Application

Bright Yellow /
White

2,000°F - 2,200°F 1,093°C - 1,204°C Upper forging limit

for 5160. Risk of
grain growth.

Orange-Yellow 1,800°F - 1,950°F 982°C - 1,065°C Standard heavy

forging range for



1084 and 5160.

Orange 1,700°F 926°C |deal forging range
for high-alloy O-1.

Bright Red / 1,450°F - 1,550°F 788°C - 843°C Austenitizing,
Cherry normalizing, and
sub-critical cycling.

Dull Red 1,200°F 648°C Lower limit of
forging; massive
risk of inducing
mechanical stress.

Black / Dark Grey <1,000°F <537°C Magnetic phase
(ferrite/pearlite);
forging must strictly
cease.

Forging Parameters and Limits

The required forging temperature is dictated by the alloy's resistance to deformation at
elevated temperatures (hot strength). For AISI 5160 and 1084, forging should commence in the
bright yellow to orange-yellow range (1,900°F to 2,150°F) to move maximum mass efficiently’.
However, heating 5160 beyond 2,200°F invites rapid, massive grain growth and risks permanent
metallurgical damage™.

Forging must categorically cease as the steel approaches a dull red (approximately 1,200°F)’.
Striking steel at black heat forces extreme mechanical cold work into the rigid crystalline
structure, generating immense internal stress differentials that will invariably lead to
micro-fracturing during the forging process or catastrophic failure during the subsequent
quench’.

O-1tool steel requires significantly tighter thermal parameters. Because of the presence of
rigid tungsten and chromium carbides, O-1 possesses high hot strength. Forging should
commence between 1,800°F and 1,950°F and must absolutely cease before 1,550°F%.
Continuing to hammer O-1 below this temperature risks inducing microscopic tears within the
matrix as the stiff carbides are forced through the cooling, increasingly rigid steel lattice®.

Section IV: Pre-Hardening Thermal Cycling and
Microstructural Control

The violent mechanical deformation and massive thermal gradients inherent to the forging



process severely degrade the steel's internal structure, resulting in massive, coarse crystalline
grains and severe internal stresses'. Before the steel can be safely hardened, it must undergo
precise thermomechanical processing to repair this damage.

Normalizing and the Physics of Decalescence

Normalization is the process of heating the steel slightly above its upper critical temperature
(austenitizing it) and allowing it to cool exclusively in still, ambient air until it reaches room
temperature'. This forces the steel to undergo a complete recrystallization, wiping out the
massive forging grains and replacing them with a uniform, stress-free pearlitic structure'.
During heating, as the steel crosses the critical temperature threshold (approximately 1,350°F
to 1,400°F, depending on the carbon content), it undergoes a fundamental atomic phase shift
from a body-centered cubic (BCC) ferrite/pearlite structure to a face-centered cubic (FCC)
structure known as austenite'. This atomic rearrangement is highly endothermic. The steel
absorbs massive amounts of thermal energy to fuel the phase change without increasing in
physical temperature’. This phenomenon is visually observable to the attentive blacksmith as a
dark, moving shadow passing across the glowing metal—a process known as decalescence'.
Once fully austenitized, the steel becomes non-magnetic (having surpassed the Curie point).
Upon cooling in still air, the reverse exothermic reaction occurs, known as recalescence, where
the steel releases the latent heat of transformation and briefly brightens as it nucleates entirely
new, smaller grains and transforms back to pearlite’.

For high-carbon steels, a descending normalization cycle is universally recommended. For
instance, to thoroughly normalize 1084, it should be cycled three times: heated to 1,650°F (air
cool to black), heated to 1,500°F (air cool), and finally heated to 1,350°F (air cool)".

Grain Refinement and the Hall-Petch Relationship

The primary goal of sequential thermal cycling is to iteratively reduce the average grain
diameter within the steel'. The physical relationship between microscopic grain size and
macroscopic material strength is mathematically quantified by the Hall-Petch equation:

o, = 0p + kd—1/?

Where Ty is the yield strength, 70 is the friction stress (the baseline resistance of the crystal

lattice), k is the locking parameter (the effectiveness of grain boundaries as barriers), and d is
the average grain diameter'.

During plastic deformation or mechanical impact, microscopic defects in the crystal lattice
(dislocations) attempt to move through the material'®. Grain boundaries act as severe, physical
impediments to the propagation of these dislocations. When a dislocation hits a grain
boundary, it piles up like traffic at an intersection, requiring significantly more applied force to
push the dislocation into the neighboring grain'. Therefore, an exponential increase in grain
boundary density—achieved by drastically reducing the grain size—results in a massive,
simultaneous increase in both yield strength and impact toughness®. A crack propagating
through the steel is repeatedly arrested and forced to change direction at every grain
boundary; thus, ultrafine grains (smaller than 4 microns) act as ultimate structural shock



absorbers®?.

Debunking the "Triple Quench” Myth

A pervasive myth within amateur bladesmithing circles is the necessity of “triple quenching"
(hardening the blade three consecutive times) to achieve maximum grain refinement”®. While it
is metallurgically true that rapidly quenching steel from austenite to martensite does force
grain boundary nucleation and reduces grain size, it simultaneously subjects the steel to the
most violent thermal shock possible?®.

Subjecting a finely ground blade to the massive volumetric expansion of three successive
martensitic transformations risks unrecoverable microscopic cracking, severe internal stress,
and catastrophic structural warpage®. Extensive metallurgical studies, including definitive work
by Dr. John Verhoeven, confirm that descending normalization cycles and proper sub-critical
thermal cycling achieve the exact same ultrafine ASTM grain sizes without the extreme,
unnecessary risk of repeated quenching®. The optimal state to quench from is a heavily
normalized, finely dispersed pearlitic or spheroidized matrix, requiring only a single, flawless
guench to achieve maximum martensitic conversion®’.

The Divorced Eutectoid Transformation (DET)

For hyper-eutectoid, highly alloyed steels like O-1and 52100, simple normalization can
sometimes leave excessive boundary carbides that tear up grinding belts and induce
brittleness in the final edge®®. The advanced practitioner utilizes a thermal process known as
the Divorced Eutectoid Transformation (DET) anneal to perfectly prepare the steel*®.

In a DET cycle, the steel is heated just above the A transformation temperature (e.g., 1,460°F
for O-1) and soaked briefly'®. Rather than forming standard lamellar pearlite (alternating layers
of ferrite and rigid cementite) upon cooling, the pre-existing, undissolved carbides from
previous cycles act as massive nucleation sites. This causes the carbon to precipitate out as
tiny, isolated spheres (spheroidite) suspended in a soft ferrite matrix**. This spheroidized
structure provides peak machinability and is the theoretically ideal pre-quench condition, as
the finely distributed, massive surface area of the spherical carbides rapidly dissolves back into
solution during the final austenitizing heat, ensuring exceptional homogeneity®’.

Section V: Austenitizing Kinetics, Geometry, and
Decarburization Prevention

Austenitizing is the critical phase where the steel is elevated to a precise temperature to
dissolve carbon and secondary alloy carbides into the FCC austenitic matrix prior to the rapid
extraction of heat (quenching)®.

The Lath vs. Plate Martensite Dynamic

A fundamental and dangerous error made by beginners is assuming that "hotter is better"
during austenitizing, operating under the flawed logic that driving maximum carbon into
solution equates to maximum final hardness and performance. While higher austenitizing
temperatures certainly dissolve more carbon, this leads to a severe supersaturation of the
austenite lattice, culminating in catastrophic brittleness™.



When the carbon content dissolved in solution exceeds approximately 0.60%, the
morphological structure of the resulting martensite fundamentally changes®. At lower carbon
levels (such as the 0.60% found in 5160), martensite forms in a microscopic "lath"
structure—long, parallel, highly dislocated sub-grains that possess remarkably high toughness
and ductility alongside extreme hardness".

However, as the carbon in solution climbs toward 0.80% and 1.00% (as is possible in 1084 and
O-1), the structure transitions aggressively into "plate” martensite®. Plate martensite crystals
form via a twinning mechanism and violently impinge upon one another during the rapid
cooling of the quench, physically cracking each other at a microscopic level™. These inherent
microcracks act as severe stress risers, rendering plate martensite inherently brittle and prone
to chipping, regardless of how carefully the blade is subsequently tempered™.

Therefore, for hyper-eutectoid steels like 1084 and O-1, the austenitizing temperature must be
kept strictly controlled (typically 1,475°F to 1,500°F) to ensure that only about 0.60% of the
carbon enters solution®. This deliberate restriction forces the steel to form tough lath
martensite, while leaving the remaining excess carbon undissolved as microscopic, hard
carbides scattered throughout the matrix to drastically enhance wear resistance and edge
retention?®.

Mitigating Decarburization and Oxidation

At elevated austenitizing temperatures, the carbon located on the surface of the steel reacts
aggressively with atmospheric oxygen, vaporizing into carbon dioxide (CO2) and leaving behind
a deep layer of pure, soft, unhardenable iron—a phenomenon known as decarburization®’. To
prevent this metallurgical degradation, the atmosphere surrounding the steel must be
rigorously controlled®.

In a gas or solid-fuel forge, a "muffle pipe" is highly recommended. This consists of a capped
steel pipe placed horizontally within the forge containing a small amount of combustible
material, such as wood chunks or charcoal’?. As the pipe heats, the charcoal combusts,
consuming the free oxygen within the enclosed space and generating a protective, reducing
carbon monoxide (CO) atmosphere. Because carbon prefers oxygen far more than iron does,
this completely insulates the blade from both scale formation and decarburization, ensuring
uniform heating and a pristine surface’”. Alternatively, specialized high-temperature anti-scale
compounds (such as Condursal Z1100 or a slurry of Satanite refractory mortar) can be painted
directly onto the blade, forming a physical, airtight ceramic barrier during the heat treatment
process®.

Pre-Quench Geometry: Mitigating "Bacon Edge"

Before the steel is plunged into the quenchant, its physical cross-sectional geometry dictates
its survival. If the primary bevels of the knife are ground excessively thin prior to heat
treatment, the massive volumetric expansion of the steel as it shears from austenite into
martensite will cause the thin edge to violently buckle®. This results in an unrecoverable,
sinusoidal wave pattern colloquially known as "bacon edge" or "potato-chipping"”’. To prevent
this catastrophic structural failure, empirical bladesmithing guidelines explicitly dictate that the
cutting edge must be left no thinner than 1.0 mm, or approximately the thickness of a United



States dime (0.050 inches), prior to the quench’’. The final keen cutting geometry must be
established post-heat treatment via abrasive grinding”®.

Section VI: Quenching Dynamics, TTT/CCT Diagrams,
and Hardenability

The physical act of quenching—extracting thermal energy from the steel fast enough to bypass
pearlite formation and trap carbon within the crystal lattice—relies entirely on the specific
alloy's hardenability profile. This profile is mapped using Time-Temperature-Transformation
(TTT) and Continuous Cooling Transformation (CCT) diagrams®.

Understanding the TTT Diagram and the "Nose"

A TTT diagram plots temperature on the Y-axis against a logarithmic time scale on the X-axis'".
The critical feature of any TTT diagram is the "nose" or "knee" of the curve, representing the
temperature zone (typically around 1,000°F to 1,100°F) where austenite is highly unstable and
most rapidly decomposes into soft pearlite'’. To achieve full hardness (100% martensitic
conversion), the cooling rate must plunge vertically, dropping the steel's temperature below
the nose before the pearlite reaction can begin'’. This required speed is defined as the critical
cooling rate®.

Quenchant Selection: Parks 50 vs. Medium-Speed Oils
The selection of a quenching oil is entirely dependent on the position of the TTT diagram's
nose, which is dictated by the alloy's chemical composition'.

e AISI 1084 (Shallow Hardening): Because 1084 lacks deep-hardening alloys, the nose of
its TTT curve is located extremely far to the left, often requiring the steel to drop below
1,000°F in under one second®. It requires an engineered "fast" quenching oil, such as
Parks 50. Fast oils possess low viscosity and proprietary wetting agents to instantly break
the "vapor jacket" (the insulating envelope of boiled, vaporized oil that surrounds hot
steel), extracting heat at maximum velocity'”.

e AISI 5160 and O-1 (Deep Hardening): The heavy additions of chromium, tungsten, and
high manganese in these alloys physically impede the diffusion of carbon out of the
lattice, drastically shifting the nose of the TTT curve to the right®*. Consequently, their
critical cooling rates are much slower. Quenching O-1 or 5160 in a hyper-fast oil like Parks
50 introduces an unnecessarily severe thermal gradient that generates transient
microscopic tensile stresses exceeding the yield strength of the material, easily resulting
in catastrophic quench cracking’. Instead, a medium-speed engineered oil, such as
Houghton AAA or commercially available pre-warmed canola oil (heated to 120°F-130°F
to reduce viscosity and increase convection), must be utilized to provide a slower,
controlled cooling curve that minimizes internal stress while still achieving full martensitic
transformation?'.

The Jominy End-Quench Test

The empirical measurement of an alloy's hardenability (the depth to which it will form
martensite under specific cooling conditions) is standardized globally via the ASTM A255



Jominy End-Quench test®’. In this procedure, a standardized 1-inch diameter cylindrical bar of
the steel is fully austenitized, suspended vertically, and a highly controlled jet of water is
sprayed exclusively against its bottom face®’.

This setup creates a severe, reproducible cooling gradient—a massive cooling rate at the
sprayed end, diminishing smoothly to an air-cool at the top”°. Rockwell C (HRC) hardness is
then measured at 1/16-inch intervals along the flat side of the bar’. The point at which the
hardness drops off dramatically delineates the exact critical cooling capacity of the alloy. In a
Jominy test comparison, the highly alloyed O-1and 5160 will maintain high HRC values much
further down the length of the bar than the shallow-hardening 1084, visually proving their
superior ability to harden in thicker cross-sections or slower quenchants®.

Section VII: Post-Quench Processing: Cryogenics and
Tempering

Directly out of the quench, as-quenched martensitic steel is glass-hard, completely saturated
with internal mechanical stress, and utterly unsuitable for kinetic impact?. If dropped onto the
floor, it can shatter like glass®. Furthermore, the transformation is rarely complete; a portion of
the high-temperature FCC phase remains locked within the matrix, a phenomenon known as
retained austenite (RA)™.

Managing Retained Austenite via Cryogenics
The transformation from austenite to martensite is diffusionless; it does not depend on time,
but is strictly a function of temperature'®. The transformation begins at the Martensite Start (

%) temperature and concludes at the Martensite Finish ( Fy temperature®®. Because

M,

dissolved carbon significantly depresses both the and Mf temperatures, high-carbon

steels heavily austenitized often possess Mf temperatures well below standard room
temperature®®. Consequently, halting the quench at room temperature can leave between 10%
and 25% of the steel's volume as soft, ductile, metastable retained austenite®.

To force the completion of the transformation and extract maximum performance from
complex alloys like O-1, the steel must undergo cryogenic or sub-zero processing®. Plunging
the freshly quenched blade into a slurry of dry ice and acetone (-100°F) or directly into liquid
nitrogen (-310°F) will convert the vast majority of the residual RA into untempered martensite,
raising the overall hardness of the blade by 1to 2 HRC and improving dimensional stability°.
Crucially, RA begins to thermally stabilize rapidly at room temperature; if the blade is left to sit
for more than an hour before the cold treatment, the cryogenic process loses virtually all of its
efficacy®®.

The Mechanics of Tempering

Whether cryogenically treated or not, the steel must be tempered immediately to relieve
massive lattice strain and trade a minute fraction of maximum hardness for necessary ductility
and impact toughness?®. Tempering involves reheating the steel to sub-critical temperatures,



allowing trapped carbon atoms to precipitate out of the highly strained Body-Centered
Tetragonal (BCT) martensite lattice, forming microscopic, stress-relieving iron carbides?.

For cutting tools, tempering is universally performed in a double-cycle (e.g., two cycles of two
hours each, cooling to room temperature in between)**. The double temper is mandatory
because any fresh, untempered martensite formed from retained austenite during the cooling
phase of the first temper must be subsequently tempered during the second cycle to prevent
sudden, unexpected edge failure®”.

Tempered Martensite Embrittlement (TME)

Metallurgists have identified a highly dangerous phenomenon known as Tempered Martensite
Embrittlement (TME), which occurs when steels are tempered in the specific thermal window of
450°F to 600°F (varying slightly by exact alloy composition)®. In this thermal range, cementite
aggressively precipitates out and forms continuous, brittle films along the boundaries of the
martensite laths®. This results in a massive, paradoxical drop in impact toughness, making the
steel significantly more brittle than if it had been tempered at a lower temperature®. Therefore,
blades must either be tempered below 400°F (to maintain edge retention and high hardness)
or well above 650°F (to achieve extreme spring toughness), completely avoiding the TME
trough?’.

Visual Tempering ldentification

If a controlled digital oven is unavailable, tempering can be conducted traditionally using a
torch, a heated block of steel, or a forge by reading the oxidation colors that form on freshly
polished steel’. As the steel heats, a microscopic oxide film builds on the surface. The thickness
of this film creates optical interference patterns that predictably correlate to exact surface
temperatures’.

Temper Color Approximate Approximate Optimal
Temp (°F) Temp (°C) Application and
Metallurgical
Notes
Light Straw 400°F 204°C |deal for O-1and

1084 (Rc ~60-61).
Provides maximum
edge retention and

strength.
Dark Straw / 465°F 240°C Warning: Entering
Bronze the TME zone for

many high-carbon
alloys.



Brown / Purple 500°F 260°C Avoid for blades;
severe risk of
Tempered
Martensite
Embrittlement and
loss of toughness.

Blue 575°F 301°C Upper limit of TME;
transition zone into
tough spring
tempers.

Light Blue / Grey 650°F+ 343°C+ Spring temper for

5160 (Rc ~50).
Extreme impact
toughness for
heavy axes and
swords.

Note: Visual tempering requires observing the color as it runs across the steel, making it
inherently less consistent and reliable than a two-hour soak in a calibrated oven, as the oven
ensures the core of the steel reaches the identical temperature as the surface.

Conclusion

The successful transition from mild steel fabrication to the rigorous thermomechanical
processing of high-carbon tool steels marks the threshold of true metallurgical competency in
blacksmithing. By understanding the distinct chemical roles of manganese, chromium, and
tungsten within AISI 1084, 5160, and O-1, the practitioner can accurately predict hardenability,
select the appropriate quench velocity, and avoid the devastating structural failures associated
with vapor jackets and improper cooling rates. Mastery of the forge requires not only the
mechanical, kinetic reflection of the anvil, but the microscopic manipulation of the steel's
crystalline lattice. This includes utilizing descending normalization cycles to leverage the
Hall-Petch relationship for maximum grain refinement, executing DET anneals to prep complex
alloys, restricting austenitizing temperatures to isolate tough lath martensite, and executing
precise, TME-avoidant tempering cycles. When executed in a strictly controlled,
safety-compliant environment, these metallurgical principles ensure the creation of edge
geometry capable of demonstrating unparalleled strength, resilience, and operational
longevity.
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