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Abstract

The purpose of this study procedure is to examine the effect of Cryogenic Treatment on the
microstructure and mechanical properties, espeaiityohardnessof hot workH13 tool steel

The thesis is divideth two partsi theoretical and experiment&uring the firstchapterof the
study,reference regarding the steels is made, focusing on tool steels category, especially H13 hot
work tool steé The second chapter contains an overview of the heat treatment procedures,
which are carried out on steels, paying attention on the processes applied on tool steels. The last
theoretical part refers to Cryogenic treatment with a presentation of thegparsrand factors
affecting the treatment and a study of the results on microstructure and mechanical properties of
tool steels through years of experiments.

The experimental part concerns a research regarding the effect of cryogenic treatment as an
addtion to conventional treatment odddeholm Orvar 2M tool steemicrostructure and
microhardnessin case of our studyJddeholm Orvar 2M tool steét going to be subjected to
cryogenic treatment with subsequent tempering. The experimental procedusdscohswo

heat treatment cycles, focusing on the impact of cryogenic temperature and soaking time on the
material. The tool steel specimens are going to be under austenitization quenching, cryogenic
treatment and tempering at different temperatures A&Il'}he processes are going to be carried

out in the above sequence. Regarding subzero procedure, the first cycle consists of the
conventional treatment with an addition of deep cryogenic proced®afC for 24 hrs. The

second cycle differs on the conditions, including a cryogenic treatmer8QC for 20 minutes.

By using a microscope and a scanning electron microscope (SEM), the grain boundaries, the
retained austenite, as well as the primary and secondary carbides are going to be observed.
Moreover, the measurement of the microhardness for every TT will format@bdtion, from

which, conclusions about the conditions of primary and secondary hardness will be extracted.

The experiment of the study showed that the subzero treatment contributes to increase of
hardness, decrease of retained austenite and homogestoibsition of finer carbides.
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Chapter |: Tool Steels

Section 1:Introduction

1.1 General Information - Steels

Steels can be manufactured relatively inexpensively in large quantities to very precise
specifications.That is the reason they attee most widely used category of metallic material
They are characterized by wide range of mechanical properties, froraderateyield strength
levels (200 to 300 MPa, or 30 to 40 ksi) wgtreatductility to yield strengths exceeding 1400
MPa (200 ksi) with fracture toughness levels as high as 110 MPa (108 ksi).

Steel's base metal is irois able to take on two crystalline forms (allotropic forms), body
centered cubic (BCC) and face centered cubic (FCC), ndigpg on its temperature. h&
interaction of those allotropes Wwithe alloying elements, primarilsarbongives steel and cast
iron their range of unique properties. In the bednteredcubic arrangement, there is an iron
atom in thecenterof each cube, and in the facenterectubic, there is one at the center oftea
of the six faces of the cubé’

1.2 Classification of Steel&!

Steels can be classified by a variety of differgistams depending on:

=

The composition, such as carbon, lalloy, or stainless steels

The manufacturing methods, such as open hearth, basic oxygen process, or electric
furnace methods

The finishing method, such as hot rolling or cold rolling

The producform, such as bar, plate, sheet, strip, tubing, or structural shape

The deoxidation practice, such as killed, skithed, capped, or rimmed steel

The microstructure, such as ferritic, pearlitic, and martensitic {fig.

The required strength level, as siiied in ASTM standards

The heat treatment, such as annealing, quenching and tempering, andrttesimaaical
processing

1 Quality descriptors, such as forging quality and commercial quality

=
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Section 2:Tool steels

2.1 General Information

Tool steels araised to make tools for cutting, forming, or shaping a material into a part or
component adapted to a definite uBefore 1868tool steels wereisiple, plain carbon steels,
butin the early " century, many complex, highly alloyed tool steels were developedeThe
alloy tool steels, which contairelatively large amounts of tungsten, molybdenum, vanadium,
manganese, and chromiumere ableto meet increasingly severe service demands and provide
much bettedimensional control and freedom from cracking during heat treatment. Many alloy
tool steels are also widely used for machinery components and structural applications in which
paticularly stringent demands are to be facedch ashigh-temperature springs, ultrahigh
strength fasteners, speefalrpose valves, and bearings of various types for elevabeperature
servicel

2.2 Applications

It is essential to notice thamhost tools are subjected to extremely high loads that are applied
rapidly. The toolsshould be able tavithstand these loads a great number of times without
breaking and without undergoing excessive wear or deformation. In many applications, tool
steelsmustbe capable of resisting agpnditionsand factorghat causehigh temperatures in the

tool. No simgle tool material combines maximum wear resistance, toughness, and resistance to
softening at elevated temperatur@s.a resultthe need t@chievethe optimum combination of
propertiegequires a propeselection of the tool material for a given appica. Most tool steels

are wrought products, but precision castings can be used to advantage in some applications. The
powder metallurgy (P/M) processwsdely used in making tool steel$his method providea

more uniform carbide size and distribution large sectiongand specialcompositions that are
difficult or impossible tgroduce by melting and castirtyError! Reference source not found)



2.3 Classification and Characteristics

The very large numiseof tool steels is effectivelylassified by thewidely used system
developed byhe American Irorand Steel Institute (AISI)This system is thetating point for
the selectiorof the proper stédor a given function from th&arge number of steels dlable.

The AISI clasification system arranges tosteels into groups that are bdson prominent
characteristicsuchas [Error! Reference source not found.

1 Alloying (for example, tungstear molybdenum higispeed steels),
1 Application (forexample, coldvork or hotwork tool steels),
1 Heattreatment (for example, watbardening or oil hardeningol steels).

Table 1llists nine main groups of tool steels and their identifying letter symbols
Table 1 Main groups of tool steels and AlISI letter symbols

Group Identifying Symbol

Water-hardening tool steels
Shockresisting tool steels
Oil-hardening cold-work tool steels
Air -hardening, medium-alloy cold-work tool
steels

High-carbon, high-chromium cold-work tool
SCEIS
Mold steels
Hot-work tool steels, chromium, tungsten, and
molybdenum
Tungsten high-speed tool steels
Molybdenum high-speed toolsteels

£E4 I 1 O » Ons

Several very gemal alloying and heat treatmepitinciplesare introduced at this point pwovide
a basedr comparing the various groupftool steels:

1 The hardenedmicrostructureof a typical tool steetonsists of a matrix of tempered
marensite containingarious dispersions of iron and alloy carbides.

1 High carbon and high alloy content promote hardenabtitythe ability to form
martensite on cooling.

1 The higher the carbon and alloy content in supersaturgtitre martensite, as inhtexd
from the parent austenite, the higher the density of carbttdes can be formed on
tempering.

1 The higher the content of strong carbfdeming elements, the higher the density of
stablecarbides in austenite during hot work and austenitizing. T¢erbédes areetained
as components ahe microstructure in addition to those formedniartensite during
tempering.



1 The higher the carbon content of the martensitetlaadiigher the density of carbides, the
higher thehardness and wear resistance bw& kbwer thetoughness of a tool steel
microstructure.

2.4 Hot Work steels

Manufacturing operationswhich involve punching, shearing, or forming of metals at high
temperaturesequire the use of hot work steeldot-work steels (group H) have been developed
to withstand the combinations of heat, pressure, and abragiwh can be met in these
operations.

2.4.1 Chromium hot-work steels (types H10 to H19)"

These types of tool stedimvegood resistance to heat softenthge totheir medium chromium
content and the addition of carbifteming elements such as molybdenum, tungsten, and
vanadium. The low carbon and low total alloy contémtseasg¢oughness at the normal working
hardnesses of 40 to 55 HR@ the case of igher ungsten and molybdenum contentise
scientists observcreasd hot strength but slightly redudeéoughness. Vanadium is added to
increase resistance to washing (erosive wear) at high temperdtactssteels withincreasd

silicon contentare characté&zed by improvedxidation resistance at temperatures up to 800 °C
(1475 °F). The most widely used types in this group are H11, H12, H13, and, to a lesser extent,
H19. All of the chromium hotwork steels are deep hardening.

Essentiabdvantages of H11, 21 and H13 steels case ofstructuraland hotwork applications
include ease of forming and working, goedlding ability, relatively low coefficient of thermal
expansion, acceptable thermal conductivity, and alaeeage resistance to oxidation and
corrosion

2.4.2 Tool SteelH13M™

AISI H13 is a 5% Cr ultrahigistrength steel similar to H11 mod in composition, heatrtreat,

and manyproperties(Table 2) This results ina greater dispersion of hawénadium carbides,
which contributes tchigher wear resistanc®epending on the producer, the carbon content of
H13 may be near the high or low sidf the accepted range, wittcarrespoding variation in
strength and ducttly for a given heat treatmertil3 is a secondary hardening steel. It has good
temper resistance and maintihigh hardness and strengthetgvated temperaturégig. 2)
H13 steel can be heaeated to strengthexceeding 2070 MPa (300 ksi); it has good ductility
and impat strength. The material H13 has good resistance to thermal fatiguewbidt tooling
made of H13 carbe safely water cooled betwedtworking operations. Its resistance to
thermal fatigue, @sion, and wear has made it a preférgie material for aluminum and
magnesium die casting, as well as for many othewlook applications.

10



However, H13 is subjécto hydrogen embrittlement. kkan benitride for additional wear
resistanceAlthough HL3 has not been used as widely as H11 modrasltrahighstrength
constructonal steel, the similarities improperties make H13 equally attractive for such
applications. This is particularly true in normal service in which slightlyhigher wear
resisance is an advantage.
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Fig. 2 IT diagram for H13 steel containing 0.40% C, 1.05% Si, 5.00% Cr, 1.35% Mo, and 1.10% V. Courtesy of
Crucible Steel Co.

Properties

Table 2 Compositions of H13 steel

Mediumalloy air- Composition, wt %
hardening steels C Mn Si Cr Mo V
H13 0. 3 8

Somewhat different properties should be expected when the carbon content is near either the
highend or the low end of the range
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H13 tool steeis one of the moswidely usedof all hotwork tool steels. Although the steel is

well known, costly tool failuresvhich happencan be leado the insufficient knowledge of heat
treatment. The hardening temperature lies between 1000°C and 1050°C. The temperature for the
hardeningopeaationis chosenn order for the material to obtathe properties that are regarded

as the most important ones. The strengtelevated temperatures increases as the hardening
temperature is raised but this increase in strength takes place at theeexfp#res toughness.

The higher the hardening temperature the more suscestitile steel to grain growthiCoarse
grainedsteel is less tough than a figeained one

Due to high vanadiumcontent, grade H3 is not unduly susceptible to grain growth. dt i
essential tanoticethatthe grain size number after hardening should be at least 7 ABTike
case ofa neutral salt batlheating treatmerthe holding time is easily kept under control. If the
tool is packheated it is difficult to confirm the actuhholding time and therefore when this
method of heating is used the lower temperature of the hardening range is recommended.

As the hardening temperature increasies,greater the number oérbides go into solution. For
grade H 13his lead to the factthat the higher the hardening temperature the sooner is the start
of the carbide precipitation that precedes the pearlite and bainite formation when quenching the
steel [

Grain size
ASTM
10 ::-:: . .
[~ — Holding time
9 ~ - minutes
! EE., e
8 — H‘-%";‘E-ls
30
| ~60
! r
6
5
4
3 [ =]
1000 1025 1050 1075 nooc

Hardening temperature

Fig. 3 Influence of hardening temperature and holding time on
grain size of steel H 13



Impact strength determinations dad out on specimens of steell®] after having been
hardened from various temperatures, show tinaghness decreases with increasing hardening
temperaturgFig.3). In this casegrain growth cannot have been the only fadtwat must be in
concernsince the steel is relatively insensitive to grain growth. Tests involving different rates of
cooling hae shown that the lowest cooling rate resulted in the lowest impact strength. It has also
been demonstrated that thereaisonnetion between low impact values and the presence of
precipitated grakboundary carbides in the steel. Hence, if the highesillesmpact strertf is

to be imparted to grade13, a moderately high hardening temperature combined with a high
cooling rate should be usét!

Applications!*®

Typical applicationdor the specific grade Hl1Bclude casting dies for aluminium, magnesium

and zinc, extrusion dies for aluminium and brass, liners, mandrels, pressure pads, followers,
bolsters, die cases, die holders and adaptor rings for copper and brass extrusgam bH3ed

in production ofhot stanping and press forge dies, split hot heading dies, gripper dies, hot
punching, piercing and trimming tools. Other applicatiomssist ofplastic moulds, shear blades

for hot work and hot swaging dies and also tooling stnactural applications inclirg punches,

shafts, beams, torsion bars, shrouds, and ratchets.

13



Chapter II: Heat Treatment in Tool Steels

Section 1:Introduction

1.1Heat Treatment Processes fosteeld*Y

As it has been discussedpst of the steels, in order to be used in production and industry,
shouldbe subjected to heat treatment in order to tthee& mechanicabnd physicaproperties
improved Heat treatments processes are used to provide the demanded properties for the last
stage of the steels before production.

Heat treatment processes include two categories, a) heat treatment insidatrikeand b)
treatment on the surface of sie

Heat treatment of steel

1 Annealing

1 Austenitzation
1 Quenching

1 Tempering

Heattreatment processese designed with the purpose of increasing steel hardness, decreasing
or total elimination of mechanical stresses and regul#tiegrain size and the properties.

1.2 Annealing?

Steels are submitted to a wide range of annealing prodessegrovanentof theirmechanical

and other propertiefAnnealing is a generic term denoting a teant that consists of heating

and holding at a suitable temperature followed by cooling at an appropriate rate, primarily for the
softening of metallic materials.In plain carbon t®els, annealing produces arrite-pearlite
microstructure Steelscan be annealedn order to facilitate cold working or machining, to
improve mechanicand electrical properties, or in the case of achieglingensional stability.

14
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The critical temperatures that must be considerdtl@annealingprocessof steel are those that
define the onset and completion of the transformation to or from austEigjtd). The critical
temperatures depend on whether thel stelgeing heated or cooled. Critical temperatures for the
start and completion of the transformation to austenite during heating are denoted, respectively,
by Acl and Ac3 for hypoeutectoid steels and by Acl and Accm for hypereutectoid steels. These
tempeatures are higher than the corresponding critical temperatures for the start and completion
of the transformation from austenite during cooling, which are denoted, respectively, by Ar3 and
Arl for hypoeutectoid steels and by Arcm and Arl for hypereutesteils. (The "c" and "r" in

the symbols are derived from the French words chauffage for heating and refroidissement for
cooling.) These critical temperatures converge to the equilibrium values Ael, Ae3, and Aecm as
the rates of heating @ooling becomenfinitely slow. Various alloying elements markedly affect
these critical temperatures. For example, chromium raises the eutectoid temperature, Al, and

manganese lowers it.

15



1.3 Austenitization!*d

Austenitization includes heating steel on a temperature almosC58bove upper critical
temperature (Ac3). In order to achieve completestenitization steel remains in these
temperatureconditionsfor a certain amount of timeo obtain homogeneous austenite without
undissolved carbidesThe time ofaustenitizationis important sinceéoo much extending of
duration may causaverheatingand eventually unwanted increased grain size.

During heating, a difference in temperature between the surface and inner mass of the alloy is
observed. As a resujpjastic deformation of the crystalline mesh in the austenitic area is caused.
Therefore, it is essential for the process to be carriedoaut relatively slow rate As
temperature increasamtil austenitization,steel is oxidizedcausing materialoss from the
surface and d®easing its content in carborhe above problems can easily be treated by heating

in furnaces of controlled atmosphere conditions.

1.4 Quenching?

Quenchings the process of ragly cooling metal parts from the austenitizing or solution treating
temperature, typically from within the range of 815 to 870 °C (1500 to 1600 °F) for steel.
Stainless and highlloy steelsusually are submitted tquencling to minimize the presence of

grain boundary carbides or to improve the ferrite distributidowever,most steels including
carbon, lowalloy, and tool steels, arguenchedin orderto produce controlled amounts of
martensite in the microstructure. Successful hardenimgans achievingthe required
microstructure, hardness, strength, or toughness while minimizing residual stress, distortion, and
the possibility of cracking.

The selection of a quenchant medium depends on the hardenability of the particular alloy, the
section thickness andghapeinvolved, and the cooling rates needed to achieve the desired
microstructure. Thanost common quenchant media ai¢her liquids or gases. The liquid
guenchants commonly used include:

Oil that may contain a variety of additives
Water

Aqueous polymesolutions

Water that may contain salt or caustic additives

= =4 4 4

The mostwidely usedgaseous quenchants are inert gases including helium, argon, and nitrogen.
These quenchants are sometimes used after austenitizing in a vacuum. The ability of a quenchant
to haden steel depends on the cooling characteristics of the quenching medium. Quenching
effectiveness is dependent on the steel composition, type of quenchant, or the quenchant use
conditions.The success of the procedure is also basetleoddsign of the gunching system and

the thoroughness with which the system is maintained.

16



In conclusion the objective of the quenching process is iogokteel from the austenitizing
temperature sufficiently quickly to form the desired microstructural phases, sometimes bainite
but more often martensite. The basic quenchant function is to control the rate of heat transfer
from the surface of the part beiggenched.

Quenching Process

The rate of heat extraction by a quenching medium and the way it is used substaiféietsy
guenchant performancéFig. 5) Variations in quenching practices have resulted in the
assignment of specific names to some quendeicigniques:

Direct quenching
Time quenching
Selective quenching
Spray quenching

Fog quenching

1 Interrupted quenching

= =4 =4 -4 A

Direct quenching refers to quenching directly from the austenitizing temperature and &r by f
the most widely usegractice. The terndirect quenching is used to differentiate this type of
cycle from moreindirect practices which mighnvolve carburizing, slow cooling, reheating,
followed by quenching.
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which uses either salt or hot oil as a quenchant. (c) Austempering, which uses a salt as a quenchant. (d) Isothermal
guenching, which uses either salt or hot oil as a quenchant.
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1.5Tempering 14

Tempering of steefefers tothe process in which previously hardened or normalized steel is
usually heated to a temperature below the lower critical temperature and cooled at a swgtable rat
primarily to increase ductility and toughness, but also to increase the grain size of the matrix.
Steels are tempered by reheating after hardening to obtain specific values of mechanical
properties and also to relieve quenching stressesoagialsure anensional stabilityTempering

usually follows quenching from abotee upper critical temperaturdowever tempering is also

used to relieve the stresses and reduce the hardness developed during welding and to relieve
stresses induced by forming am@chining.

Principal Variables

Variables associated with tempering that affect the microstructure and the mecpiapeaiies
of temperedsteelinclude:

1 Tempering temperature

1 Time at temperature

1 Cooling rate from the tempering temperature

1 Composition othe steel, including carbon content, alloy content, and residual elements

In the case of quenchetieelwhich is characterized kg microstructure consisting essentially of
martensite, the iron lattice is strained the carbon atoms, producifggh hardness. Upon
heating, the carbon atoms diffuse and react in a series of distinct steps that eventuallg@rm Fe

or alloy carbide in a ferrite matrix of gradually decreasing stress level. The properties of the
tempered steel are primarily determdney the size, shape, composition, and distribution of the
carbides that form, with a relatively minor contribution from saldution hardening of the

ferrite. These changes in microstructure usually decrease hardness, tensile strength, and yield
strengh but increase ductility and toughness.

Under certain conditions, hardness may remain unaffected by tempering or may even be
increased as a result of it. Hostancetemperedsteelat very low tempering temperatures may
cause no change in hardness buty mpeoducea desired increase in yield strengiforeover

those alloy steels that contain one or more of the cafbid@ng elements (chromium,
molybdenum, vanadium, and tungstean achievesecondaryhardeningand increase hardness
after tempering.

Temperature and time are interdependent variables in the temperimgess. Lowering
temperaturgwithin limits, and increasing time can usuaflyoduce the sameffect as raising
temperature and decreasing time. However, minor temperature changes hageeatéareffect

than minor time changes in typical tempering operations. With few exceptions, tempering is
carried outat temperatures betweeiSLand 705 °C (350 and 1300 °&)d for times from 30

min to 4 h.
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Section 2:Structural transformation methods 4

The study of structural transformations for metals and alloys depenile dmowledge of the
balance curvedn order to learn about metallurgical characteristics of alloys, it is essential
study two types of curves.

i Solidification Curves
M Solid State Transformation Curves

For this section, we study the second category of curves mentionedhich heat treatment
processes are based on. Two basic structural transformation methods titzgeaved, during
heat treatment, adiffusionandmartensite transformation

2.1 Diffusion [44

Diffusion is the process of migration ofdividual atoms within materialand takes place in
gases, liquids and sds, and consequently occurssiteels and other metallic syster@#ffusion

is of immense importece tomost heat treatment processes andefloee some appreciation of
the mechanisms and laws of diffusion will fatate the understanding of mahgat treatments
including carburizing ad decarburizing, nitriding arehrealing 2

The atoms move due to the phenomenon of diffusion, which is caused from the temperature
difference between neighboring positioTheir transposition is gregof magnitude 110° of
interatomic distanceand theyjump in random positionslransformatiorrate depends abruptly

on heating temperatur&or example, diffusion happens in lowste for temperature 528C

than in 700°C. It is extremely important to mention that the phenomenon of diffusaonot be
carried out atemperatures below G@34Tmn. The total volume of the transformed material also
depends o heating temperature and tinhe.conclusion, diffusion allows the chanigechemical
composition of different phases in alloys. Furthermore, there is a chance that crystallographic
relationship between initial and final structure may occur in the process.

2.2 Martensite Transformation 44

Martensite transformation is happening during quenchietpw the temperature dMstart of
martensite transformation creating instantaneodg a new phasecalled martensite. The
martensite phase is formed as soon as the temperature is reached and the phenomenon does not
continuein isothermal conditionsTherefore, in order to keep creating the new phase, the
temperature must decrease axla resulimartensite keeps forming in new areas instead of
continuingfrom the already formed positioriSor steels, martensite is formed, since cooling rate

is fastenough to prevent pearlitic phase from being generated through mechanism of diffusion.
The atoms moxin small distances (magnitud# interatomic distangecreating and breaking
interatomic bonds and they transpasasecutivelyn exact sequence.
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Transformatiorrateequalsto therate of the mesh vibrations in the crystal. On the contrary, it is

not related to temperature and the transformation is able to happen even on temperature near 4K.
The total volume of the transformed material is related only to temperdtueetemperature
regarding the start of martensite transformationasl well as the temperature related to the end

of formation M decreasg as content in carbon increas@he critical quenching rate ¢Y
changes according to content in carbon and depends on grain size and clarity of steel.

Chemical composition remainsalranged and the atoms, as they do not have the necessary time
to move, they stay at their positiofdoreover, there is always crystallographic relationship
between the generated martensite phase and the initial mesh.

Heat treatment of steel, especiallyrteasitic hardening is usually accompaniedtliny evolution
of large residuastresseswhich exist without any external load on the part considered. Causes
for such stresses include:

1 Thermal expansion or contraction of a homogeneous material in a teanpegeddient
field
1 Different thermal expansion coefficients of the various phases in a multiphase material
Density changes due to phase transformations in the metal
1 Growth stresses of reaction products formed on the surface or as precipitates, for
exampleexternal andnternal oxidation

=

2.3 Stages of Hardening

It is essential to know thatomplete transformation from austenite to martensite is generally
preferableprior to tempering. However conditions vary widelyand 100% transformation
rarely, occurs During hardening, martensite develops as a continuous process from sjad (M
finish (Mf) through the martensite formation range. Except in a few highly alloyed steels,
martensite starts to form at well abok@om temperatureln many cases transformation is
essentially complete at room temperature. Retained austenite tetds gresent in varying
amounts. However for some applicationsthis retained austenitenust be transformed to
martensite and then tempered.

The below stages describethrocedure of hardening steels.

a) Austenitization
b) Quenching
c) Tempering
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Section 3:Tool steels

With few exceptions, all tool steels must be heat treated to develop specific combinations of
wear resistance, resistance to deformation or breaking underldadgs, and resistance to
softening at elevated temperatures. A few simple shapes may be obtained directly from tool steel
producers in correctly hetteated condition. However, most tool steels first are formed or
machined to produce the required shapkthen heat treated as required.

Improper finishing after heat treatment and most important grindiag damage tool steels
through the development of surface residual stresses and cracks. Some tools are heat treated in a
blank or semfinished state andufsequently ground, turned, or electrical discharge machined to
create the final tooEven thougtthe abovemanufacturing technigques have progressed in recent
years, metallurgical damage and surface stresses are still avoajonent

Annealing?

Tool steelsareusually received from the sulpgy in the annealed condition in order be easily
machined and heat treated. However, if they subjected to hot or cold forming, often they
must be fully annealed again before subsequent operaiirethera tool is to besubmitted to
rehardeningit should first be thoroughly annealed. This procedure is important with the steels of
higher alloycontentto avoidirregular grain growth occurs and a mixed grain size (sometimes
called fish sck or duplex grains)All of the chromium howork steels have high hardenability

3.1Austenitization [2

Austenitizing is the most critical of all heating operations performed on tool skeels.that are
subjected to xxessively high austenitizing temperatures or abnormally long holding tinag
produceexcessive distortion, abnormal grain growth, lo§gluctility, and low strengthThis
problem can be faced in the casehadh-speed steels, which are frequently austenitized at a
temperature close to that at which melting begiereover,underheating may result in low
hardness and low wear resistanDewring the process of quenching the center of a tool is
cooler than the exterior, spalling or fracturing of the corners may result, particularly with water
hardening steels. Prior to heggatment, all tool surfaces must be free of decarburization.

During austenitizatiorthe final alloy element partitioning between the austenitic matrix (that will
transform to martensite) and the retained carbides occurs. This partitioning fixes th&trghem
volume fraction, and dispersion of the retained carbidesré&thaed alloy carbidesontribute to
wear resistanceand control austenitic grain size. The finer the carbides and the larger the
volume fraction of carbides, the more effectively amisie grain growth is controlled. Thus if
austenitizing is performed at too high a temperature, undesirable grain growth mansiceur

the materiahs the alloy carbides increasingly coarsen or dissolve into the austenite.
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3.2 Quenching?

Quenching from the austenitizing temperature magdreed outin water, brine, oil, salt, inert
gas, or air, depending on composition andisedhickness. The quenching medium must cool
the work piece rapidlgnough to obtain full hardness. The selection of the cooling medium is
important since mediums which exceed the requirements may caadang or excessive
distortion may occur.

Tool steels that will harden during air cooling are frequently hot quenched to the range 540 to
650 °C (1000 to 1200 °F) after austenitizing. Quenching time is long enough for decomposition
of austenite to begin. After hot quenching, the steels are air cooledqueached to ambient
temperature. Hot quenching minimizes distortion without adversely affecting hainessit
prevents the hard scale from forming on moshaindening steels during air cooling.

3.3 Tempering 2

Temperingproducesa more desirable combination of strength, hardness, and toughness than
obtained in the quenched steel. Theenched structuref tool steel is a heterogeneous mixture

of retained austenite, unt@ered martensite, and carbid@fie changes that take place in the
microstructure during tempering of hardened tool steels aretémperaturelependent. Time at
tempering temperatushould not be less than 1 h for any given cycle.

Most manufacturers of higbpeed steels recommend multiple tempers of 2 imare each to
attain the desiredhicrostructure and propertie€arrying out the procedure witecommended
tempering times, tempaures, and number of tempers (a minimum of two) ensaftesnment

of consistent tempered martensitic structures aedoownes uncertainties causedvayiations in

the amountof retained austenite in thguenched condition. These varias@re based on
differencesin heat chemistry, prior thermal history, hardening temperatures, and quenching
conditiors. Other factors that influentiee tempering requirements of higheed steels are:

1 Increasing the free (matrix) carbon content increases the amounaioktetustenite in
the asquenchedaondition

1 The amount of retained austenite significantly affects the rate of transformation,
particularly for shortempering cycles. Multiple tempering is more important to attain an
acceptable structure if shaemperng times are used

1 Cobalt in alloys such as M42 reduces the amount of retained austenite irgtienaked
condition ancaccelerates the transformation of the retained austenite during tempering
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3.4 Cryogenic treatment of Steeld

Cryogenics is usually defined as the science and technology dealing with temperatures less than
about 120 K. The techniquagich areused to produce cryogenic temperatwessignificantly
differentfrom those dealing with conventional refrigerati@ne major point of differencs the

need to precool the compressed gas before it is expanded in order to reach cryogenic
temperaturesiven starting from 0O UC or higher. Preco
of refrigerant baths or with a heat exchangEne value of cryogenic treatment of steel and other
materials s been debated for many years; even today muaetgllurgical préessionals have

serious reservations about its value.

Several theories exist in order to understéimel reasons behind the use and evolvenoént
cryogenic treatment. One theory involves the more nearly complete transformation of retained
austenite into mé&ensite. This theory has been verified byay diffraction measurements.
Another theory is based on the strengthening of the matesiatedby precipitation of
submicroscopic carbides as a result of the cryogenic treatment. Allied with this is théoreduct

in internal stresses in the martensite that happens when the submicroscopic carbide precipitation
occurs. A reduction in micro cracking tendencies resulting from reduced internal stresses is also
suggested as a reason for improved properties.

CryogenicTreatmenCycled?

Typical cryogenic treatment consists of a slow amin (~2.5 °C/min, or 4.5 °F/m) from
ambient temperature tmuid nitrogen temperature. When the material reaches approximately 80
K (-315 °F), it issoaked for an appropriate tinggenerally 24 h). At the end of the soak period,
the material is removed from the liqumtrogen and allowed to warm toom temperature in
ambient air. The temperatutiene plot for this cryogenicréatment $ shown inFig.6. By
conducting the coeflown cycle in gaseous nitrogen, temperature can be controllecheatgu

and thermal shock to theaterial is avoided. Singleycle tempering is usually performed after
cryogenic treatmerto improve impact resistancalthough double or triple tempering cycles are
sometimes used.
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Equipment for Cryogenitreatment?

Liquid nitrogen systems have become the customasthod for achieving cryogenic
temperatures. The two typesyfstems are described below.

1 The heatexchanger systenpasses liquid nitrogethrough a heat exchanger, and the
exhaust gas from the unit is piped into the main gaseinegen header line. The
chamber atmosphere is drawn over theHe@ahanger coils by a fan. In some versions of
the system, the cooling is boosted by sprayingdieitrogen directly into the chamber.

1 The direct spray systeraprays liquid nitrogen directly into the chamber, while a fan
circulates the gases over the work. In this system, the spent gas cannot be recovered for
use as a furnace atmosphere. €gaipment design does not permit the liquid nitrogen to
come into direct contact with the work, thereby reducing the probability of thermal
shock.

In both systems, temperature controllers are used to control the flow of liquid nitrogrrglt a
solenoidvalve) and tanonitor the work temperature. Temperature charts of the cycledpra
record of the processing.

3.5 Cryogenic Treatment on Tool Steels

The complete treatment process in case of steels consists of Hardening (Austenitization +
Quenching), CT, and Tempering. CT is axpandedprocess to conventional heatatment
process (Hardening and Temperinighas experimentally discovered that th€, @hen carried

out after quenching and prior to temperingpntributesto activation of the tempering
transformations of the virgin martensite because of its high oversaturation attaih@é°at (77

K). Due tothis, the carbide precipitation occurs lwhigher activation energy, thus leading to a
higher nucleation rate and, in turn, to finer dimensions and a more homogeneous distribution.

Depending upon the appéitton of the temperature it méag classified as
1 Cold treatment, which is also recognizasl ShallowCryogenic Treatment (SCT), is to
gradually cool thevork piece in the rang&4 °C (189 K)

1 CT or Cry@enicTreatment may also be exploresieepCryogenic Treatment (DCT) is
carried out at aboul95°C (78 K).
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Chapter Il I: Cryogenic Treatment

Section 1:Introduction

During the World War I, scientists found that, when metals were subjected to low temperatures,
wear resistance increased. This fact led to the development of cryogenic treatment. The term
ACryogenic Processingo was f i r sroit, Ml,lJSA),oirduc ed
1996. The main reason was the fact that they observed an increase in metal tool life of magnitude
200-400%, after practicing cryogenic and tempering.

Cryogenic treatment is a supplementary process to conventional heat treatmedtirprioce
steels. It is an inexpensive etime permanent treatment influencing the core properties of the
treated material of the component unlike surfaeatments, such as coatinghe subzero
treatment is a weknown and an effective method to improgignensional stability, fatigue
behavior, toughness and wear resistance, which is commercially used to improve the
performance of many metallic materials for decades.

In fine blanking, stamping and punching applications toolsex@sed to very demanding
contact conditions, including higlmads, high contact pressures, elevated contact temperatures
andwear.However thetype of tool failure mode and itgogression depend on the tool material

and heat treatmentol shape, design and manctizring, forming process parartegs and work
material. The biggest impact comes frothe tool material and its microstructurgpart from the
conventional heat treatment, cryogenic treatment has been used for enhancing hardness and
toughness and improving tool lifen the below paragraphs, the effects of cryogenic treatment on
tool steel microstructure and mechanical properties will be examined.
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Section 2:Microstructure

2.1Retained Austenite

After conventional heat treatments, a small percentage téraiesremains in the material. This

is a result of ambient temperature cooling conditions or temperaturé édtectoid martensite.

This retained austenite is soft and unstable at lower temperatures. Consequently, this structure
will be transformed intanartensite in case of reheating or being submitted to a stress field,
causing distortion on its body. This retained austenite transformed itempered martensite

may cause cracks, particularly in complex shape tools made of highly alloyed steelsveHowe

in case of cryogenic treatment, the retained austenite will be transformed before tempering,
providing dimensional stability in the tool steel.

According to the study dhe effect of deep cryogenic treatments on the mechanical properties of
an AISI HL3?8, the samples which were subjected to cryogenic treatment, reduced the retained
austenite content, enhancing the dimensional stability of the dies, andglgadincreased
service lifetimesTwo specimens (samples 1 and were likewise subjdotéiage heat treatments

in orderthe effect of quench severitg be studiedcomparing oil and air as quenching media.
The samples were heat treated following theowelproceduréTable 3)

Table 3 Different heat treatment cycles on the samples

Heat Treatments and

Processing sequences

samples
Austenitizing at 1028C . :
HT1 for 30 min. followed by - U2 fg?opfgnhg Y
gas quench
Austenitizing atL020°C : . :
HT2 for 30 min. followed by Cryolggesrllcc: '][{)eraltrznﬁnt at Triple Eecn;gfgnhg at590
gas quench
Austenitizing at 1026C . :
HT3 for 30 min. followed by - U2 fg?opfgnhg Y
oil quench
Austenitizing at 1020C . . .
HT4 for 30min. followed by Cryolggesrllcc: '][c[)(-:;altrznﬁnt at Triple Eecr?gfgnhg at530
oil quench
Austenitizing at 1026C . . :
Sample 1 for 30 min. followed by Cryogenic treatment at Triple tempering at 590

i GERe (@) 196°C for 12 h (C) C for 2 h(3T)

Austenitizing at 1028C
Sample 2 for 30 min. followed by
oil quench (Q)

Cryogenic treatment at Triple tempering at 590
196°C for 12 h (C) °C for 2 h (3T)
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Table 4 Retained austenite content as a function of the heat treatment (HT) and tte carbéction, Volume
fraction % (error %)

Heat Treatment

Retained austenite
content without 3.7 (£1.3)
carbide correction?
Retained austenite
content after carbide 3.3 (x1.1) 2.0 (x1.0) 2.5(x1.0) 2.2 (x1.0)
correction®
A,+V,=1
BVa+ Vo + V=1

2.3 (+1.2) 2.9 (+1.1) 2.5 (+1.0)

As it is observedTable 4) despite the carbide correction, the samples treated by cryogenic
treatment retain a smaller percentage of austenite in their microstructure. In sosahease
retained austenite is minimized. Nevertheless, there is a low austenite content that could not be
transformed eveafterthe applicatiorof cryogenic treatmentt is hence considered not to have

any negative effect during the forging process, as it will not be susceptible to transformation
during the service life of the die. Thus, cryogenic treatment contributes to the mechanical
stabilization of the retainedusatenite, avoiding the formation of martensite during the normal
service life oftool steelslt is essential to examine the effect of the quenching medium on the
retained austenite conteffig. 7). Oil quenching resulted in lower austenite content thian
guenching, due to the former’s higher cooling rate. In fact, the higher retained austenite content
after air quenching is a consequence of the stabilization of the austenite owing to the lower
cooling rate. Thus, the cryogenic stage modifies the rakalustenite contenespecially for air

guenching.
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Fig. 7 Evolution of the retained austenite (%) throughout the overall heat treatment (without carbide
correction); Quenching (Q), Cryogenic (C), Tempering (T)
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It is relevant to note that martensitiarisformation never goes to completion, and the retained
austenite always exists in the structure of igrbon martensites. Another study suggested

that the reduction of retained austenite, as a transformation into martensite, may improve the
wear resistance of the material. In the particular experiment, samples of HSSetpl st
especially M2, are subjectéal theheat treatment cycles presented in Table 5

Table 5 Different cycles applied to M2 high speed steel

Different cycles applied to M2 high speed steel
Quenching from 1258 + triple tempering at 56C

Quenching from 1258 + 1 cycle 24 h subero at-196°C+ triple tempering at 56

Quenching from 1258 + 1 cycle 48 h subero at-196°C+ triple tempering at 56

Quenching from 1258 + 3 cycles 48 h subero at-196°C+ triple temperingit 560°C

Quenching from 1258 + triple tempering at 56+ 1 cycle 48 h subero at-196°C

Using X-ray difractometerSeyed Ebrahim Vahdat et adbserved that there is a significant
difference in retained austenite between the treated antteaied samples. The cryogenically
treated material showed nearly 0% of retained austenite into microstructure, in comparison with
the untreated tool steels which retain austenite in a percentage of 25%. However, the
transformation of the retained austenitnto martensite did not result in a significant
improvement of wear resistance, at the conditions the sliding abrasion test was carried out.
Literature results showed that, depending on the test parameters such as normal load, average
grain size and typef the abrasive, quantity and shape of the carbides, among others, the
increasing of the amount of retained austenite can lead to an increase or to a decrease in the wear
rate of ferrous alloys. This behavior is regarded with the ability of austenitarderhduring

plastic deformation either by workhardening or by martensite transformation.

It is essential to notice that the results depend on the conditions on which the heat treatment has
been carried out. The above statement can be confirmed by thstnéyt J.y.Huanget a.l
studiedthe microstructure of cryogenic treated M2 tetdel?Y. The samplesvere subjected to
austenitization at 1100C in a nitrogen atmosphere at 20 Pa, holding for 1 h, followed by
guenching to an ambient temperature in a cool nitrogen gas. Crgdggatiment was performed

by soaking the samples in liquid nitrogenE26°C for 1 week and both treated and viceated
specimeswere tempered at 20Q in nitrogen atmosphere for 24 h.r&y diffraction showed no
detection of retained austenite inared samples, due to small percentage. Although, the volume
fraction of retained austenite was measured to be almost the same in both treatedteratetbn
samples, wear resistance was improved in case of cryogenic treatimesittransformation of
retained austenite is not a main factor of influence for wear resistance, for the particular tool
steel.
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Soaking time can be a significant factor influencing the amount of retained austenite. In a study
of deep cryogenic treatment in tool steel X220CrVM®4 (DIN 1.2380%9, which is a high
carbon, highchromium airhardening tool steel, A.l. Tyshchenkeka.lsubjected the samplés
different cycles of heat treatment, including cryogenic treatment. These specimens were held for
austenitization at 1088 for 20 min under protective pure argon atmosphere and cooled using
the flow of the cold argon. After quenching, some of the specimens werxldoel 96 or-150

UC wi t h h o lerdperatges ot 24,36 oe48&. t

Table 6 Retained austenite after different treatment cycles

Cooling after solution treatment Martensite

Quenching at RT . 34.0

RT  -196°C (24h) 86.6 4.1 9.3 24.3 37.3

RT -196°C (36h) 87.0 3.9 9.1 22.8 38.8

RT  -196°C (48h) 87.3 3.7 9.0 19.9 43.3

RT -196°C (24h) 89.1 3.5 7.4 15.2 46.3

RT (1 week) -196°C (24h) 85.6 5.8 8.6 21.2 36.5

From Table 6, it can be observed that the samples whighe subjected at1 96 UC f or 4
showedthe smallest percentage of retained austenite into microstructure, among the other groups
subjected at the same temperature. However, it is essential to notice drgbtienic cycle at

150 UC was more effective that the one in |ic
ageing at RT before cryogenic treatment, A.l. Tyshchemtaal observed that, in comparison

with cryogenic treatmental 9 6 U C tiestabilizatibih of the retained austenite decreased

the amount of the lodemperature martensite. This behavior is justified by the fact that after
guenching, the austenite-martensite transformation does not stop sharply dhe
transformation ratdeaeases for a number of months.

A. Akhbarizadehet a.ll*¥ confirmedthe above results, after studying the effect of cryogenic
treatment on D6 tool steel. The samples were subjected to different cycles of cryogenic treatment
and were examinedor comparison with the conventional heat treatm€@rdable 7) As far as

deep cryogenic treatment is concerned, retained austenite could not be detected due to its very
small percentage. For the other types of treatment, retained austenite was observed in small
amount(Table 8)
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Table 7 Heat treatment cycles on tool steel D6

INEINE Heat Treatment Sample No
CHT Conventional heat treatment 1
SCT20 Shallow cryogenically treated &3°C for 20h 2
SSCT20 Stabilized for 1 week in room temperature and shatloiegenically treated a 3
-63°C for 20h
SCT40 Shallow cryogenically treated &3°C for 40h 4
Stabilized for 1 week in room temperature and shallow cryogenically trea
SSCT40 63°C for 40h S
DCT Cryogenically treated a63°C for 40h and deegryogenically treated with 6

guench in liquid nitrogen for 10h
Stabilized for 1 week in room temperature and shallow cryogenically trea
SDCT -63°C for 40h and deep cryogenically treated with quench in liquid nitrog 7
for 10h

Table 8 Retainedcaustenite percentage

Sample Retained austenite pecent (%)

CHT 12..4
SCT20 8
SSCT20 53
SCT40 65
SSCT40 4.7
DCT Was not seen
SDCT Was not seen

The results showed that more retained austenite is transformed by increasing soaking time.
Moreover, decrease in soaking temperature achieves the transformation of retaneed
austenite. As far athe last cycle is concerned, the treated samples, which were stabilized for 1
week, showed lower retained austenite as compared with thstaloitized sampke which was
expected.

Soaking temperature affects the volume fraction of the retained austenite. The lower the
temperature, the bigger percentage of austenite transforms into martensite. This is shown by the
study of shallow and deep cryogenic treatment on tool stedfHIhe samples were held at
1040°C, achieving austenitization, and then being subjected to air quenching before the
cryogenic treatment. Specimens wéeated at either cryogenic temperature7&t°C or deep
cryogenic temperature at96°C for 8 h. In the end, the tempering procedure was held &560

on some of the samples, in order to compare the results on the properties. The heat treatment
procedues are presented Trable 9
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Table 9Heat treatment sequences of tool steel H13

SE[ES Processing Sequences
Tempered at
1 Heat treated at 104€ for 30 p-o~s > i i

min followed by air quench h

Tempered at Cryogenic

560°C for 2 treatment at72°C -
h for 8 h

Tempered at Deep Cryogenic

560°C for 2 treatment at196 -

Heat treated at 104C for 30
min followed byair quench

Heat treated at 104C for 30
min followed by air quench

h °C for 8 h
Tempered at Cryogenic Tempered
Heat treated at 104€ for 30 ggq0-t) 5> yreatment at72°C  at 560°C
min followed by air quench
h for 8 h for 2 h

The samples, which were subjected to conventional heat treatment, showed a significant
percentage of retained austenite, resulting in mnegaffect on mechanical properties of tool
steels, such as machinability, wear resistance, hardness and most important dimensional stability.
In Table 10 the percentages of retained austenite foryelveat treatment are presented.

Table 10Retained aushite volume content after different treatment cycles

Retained austenite percent (%)
8.1
7.4
4.5
3.8

In contrast, the application of cryogenic treatment was very effective on the microstructure of the
alloy, resulting in transformation of the retained austenite into martensite. Since, two different
cryogenic temperatures were applibtihdi Koneshlowet all*® observed that as the temperature

is lowered, the amount of transformed austenite increases. Moreover, the transformation of
austenite into @rtensite increaskthe volume, causing tensile stress on austenite. According to
Fig. 8 the martensite latheere smaller and distributed more uniformly in the microstructure
after holding the samples for a long time at the deep cryogenic temperatwanicrostructure
modification can be very important in terms of mechanical properties of and dimensional
stability of the tool steel.
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Fig. 8 Scanning electron microscopy images of the samplésafter different heat treatment cycle

After the hardeningprocess by cryogenic treatment, material expansion is observed. This
expansion is caused by the phenomenon of transformation of the retained austenite. The
tempering procedure is carried out in order to achieve stabilization and releasing the stress of the
martensitic structure. Thus, most studies carry out mostly three tempering procedures.
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Fig. 9 Theeffectof deep cold treatment on retained austenite for an austenitising temperature @ idyaool
steel D2
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The first tempering manages to release the stress of the martensite and as a result the material
shrinks. During the second tempering, the carbides begin to grow and stabilization is achieved.
Finally, the third tempering has usually no noticeable effaoth procedure is carried out on the

study of cryogenic treatment on AISI D2 taeell®d. According toCord Henrik Surbergt a.l

after third tempering, dimensions do not face significdr@ngeqFig. 10) Moreover, it can be

seen that after the firdempering, the retained austenite remains below 2% with no further
change after the second and third tempepiagedurgFig. 9)

After After After After
Before After Deep Cold  1st Temper 2nd Temper 3rd Temper
Treatment Hardeming -1 20°C/25min 520°C S40°C 240°C
l]lj L L L L L I
E .25
c 02
£ 015 - — /Ii\ —
m 0.7 —
£ 0.05 -‘E______,.-';, rd '\.\
=) 0 — y
Q .0.05 e — N
c
s -0.1
LI ) e
& 0.2
I
I—Lenn'lh — Cliagoral Height |

Fig. 10 The effect of a deep cold treatment on dimensional stability

According to the experiment, the samples wairbjected to different soaking temperatures and
time. Thus, in regard with the previous studies, it is confirmed that the lower the temperature, the
greater the expansion during deep cryogenic treatment because more retained austenite is
transformed. Dimesional stability is independent of the soaking time during deep cryogenic
treatmen{Fig. 11)

After After After
Before After Deep Cold 1st Temper  2nd Temper
= Treatment Hardening -150°C/25min 540°C 520°C
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T 02 AN,
2 o015 27\
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w w— Dlagonal s Length Height | 25 minutes

Fig. 11 Comparison of dimensional stability after treatment at various deep cold temperatures for 25 min
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This retained austenite is soft and unstable at Iteveperatures that it is likely to transform into
martensite under certain conducive conditions. Thus retained austenite should be alleviated to the
maximum possible before any component or tool is put into service. The degree of undercooling
decides the gential to transform retained austenite to martensite completely.

The transformation of the austenite to martensite in combination with thermal contraction caused
surface tensile residual stress to all the specimens. According to Marcos Pérez and Francisco
JavierBelzuncel?d, a slight relaxation in stress was observed, during cryogenic procedure, due
to fine carbides precipitatioffrig. 12) Specifically, duringheatingup to room temperature after
cryogenic stge, small carbides are formed by clusters. These clusters were made when the
carbon atoms inside the martensitic matrix, segregated to nearby structural defects, during
cryogenic process. Significant improvement on relaxation of stress is observed disting f
tempering procedure, as a result of carbide precipitation and decrease in carbon content of
martensite. However, the second and third tempering had no effect on the stress state. The
second tempering is used as a procedure to transform the martemhsite,is formed during

cooling of the first tempering. Although, the samples are subjected to third tempering, the new
fresh martensite form cooling of the second tempering can be detected.
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Surface Residual Stresses (MPa)

Q Q+C Q+C+1T  Q+C+2T  Q+C+3T
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Fig. 12 Evolution of the surface stress versus the quenahniedjum for each stage of the overall heat treatment (Q
Quenching, @Cryogenic, FTempering
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2.2 Carbide precipitation

Apart from the transformation of the retained austenite into martensitec@ggnic treatment
contributes tothe formation of finer nmiensite laths in the microstructurand initiates
nucleation sites for precigition of fine carbide particles. The precipitation of finer carbides
results in the enhancement of mechanical properties of the alloy. The subzero procedure results
in facilitating the formation of carbon clustering and increases the carbide density in the
microstructure.

Inside the matrix ofool steel subjected to heat treatment, two types of carbides are observed:

1 Primary Carbides (PCs), whidébrm on the grain boundaries during quenchiighough the
formation of the primary carbides has no significant impact on hardness, may lower tool steel
fracture resistance. This leads to quench crackitegygranular fracture of overheated tool
steelsor reduced performancé ot work die steels such ag 8?4

1 Secondary Carbides (SCs), known as transition carbides. These carbides aredfornted
the first stage of tempering and are identified}aarbidesepsilorcarbidesyndd-carbides
(etacarbides). The transition carbide has an orthorhombic structure isomorphous with
transition metal carbides of the> type The transition carbidesicharacterized bgarbon
contents substantially higher than that of the cementite, Fe®@h forms at higher
temperaturesThroughout the range afcarbides formation, a percentage of carbon in the
martensite is retained and randomly dissolved inr¢t@ned austenite with the martensite,
during tempering?®

J.Y. Huanget a.l?Y observed that the carbides, demonstrated in the microstrustere,
uniformly dispersed. Thewerelocalized in certain regions, and their size v@fr®m region to
region. As a result adhe precipitation of the fine carbides, wear resistance of material indrease
and theravasreduction in micro cracking tendency from reduced internal stress.

Fig. 13 TEM micrographs of M2 tool steel after cryogenic treatment and tempering.
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Fig. 14 TEM micrographs oM2 tool steel after noeryogenic treatment and tempering. Note that the carbides in
(a) are small, while those in (b) are large.

It is essential to mention that the volume fraction of carbides in the cryogenically treated sample
was higher (11%) than that in the namyogenically treated ones (5%ig. 13, 14) The
precipitation of more hard carbides in the cryogenically treated samplegdaesukduction of
carbon and alloy contents in the matrix, which imprbtree toughness of the matrix.Y. Huang

et a.l’?@ mentiors the fact that the combination of higher carbide content and tougher matrix
enhanced the wear resistan

A study of cryogenic treatment 8W9Mo3Cr4V high speedteel'd, showed the different types

of carbides that are precipitated in the microstructeige. 16 exhibits a norruniform distribution

of primary carbides and a fairly uniform distribution of sedary carbides in the tempered
martensite matrix. Every SEM picture shows the microstructure for samples cryogenically
treated at 193 K (b), 153K (d), 113 K (f), 77 K (h) respectively. The first picture shows the
microstructure of the samples that are jscied to conventional heat treatment (a). In the
microstructure, X.G. YanandD.Y.Li observd resolved prior austenite grain boundaries. As it

can be seen, the large, irregular white regions represent the primary carbidés KR@ary
Carbides). The amount, size and distribution of them appear identical irrespective of the type of
heat treatment This behavior is justified because time and temperature of austenitization are
responsible for the characteristics of the primary carbides. Moreover, there are two types of the
secondary carbides. The SEM pictures show some tiny white patchesi(S®@H§ Secondary
Carbides) and some small white regions (LSCkarge Secondary Carbides). The volume
fraction of the secondary carbides, especially the SSCs, is affected by the heat treatment
condition. Apparently, fraction volume of the secondary carbide®ases with the decrease of

the cryogenic temperature.
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Fig. 15 Quantitative information on the volume fractions of carbides in samples experienced differeatsub
treatmentof WOMo3Cr4V high speed steelhe volume fraction of carbides is represeiny the number of
carbides per unit area

Fig. 15resents that the samples, which were subjected to cryogenic treatmert stcrease

for all the types of carbides, in comparison with the conventional heat treatment. The deep
cryogenic treatment provideincrease in secondary carbides, in contrast wlid shallow
cryogenic treatment.

Fig. 16 SEM micrographs of samples exgarted different heat treatment processes. The microstructure of the
W9HSS samples generally consists of a matrix of tempered martensite and carbides, including primary carbides
(PCs: size45 mm) and secondary carbides (SCs: sizer5 mm), which are furtbkassifted as large secondary
carbides (LSCs:1 mm osizer5 mm) and small secondary carbides (SSCs: size r1 mm): (a)SEM micrograph of CONT
(b)SEM micrograph of CT; (c) SEM micrograph of SCT; (d)SEM micrograph of DCT1; (e)SEM micrograph of
DCT2;
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Seyed Ebralmn Vahdatet a.l examined microstructure of 45WCrV7 tool steel after deep
cryogenictreatment?d. The specimens were subjected to austenitization at®®@r 1h, then
deep cryogenic treatment-4095°C for 24h, 36h, 48h and finally they are tempered at°@0fr

1h, 2h, 3h(Fig. 17).
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According to researchers, the first mechanism of precipitation of secondary carbide (SCs) is the
result by the expansion from the transformation of retained austenite into martensite. The second
mechanism is caused by the differemeehermal contraction of the phases. The below SEM
picture(Fig. 18)shows the different types of carbides inside the matrix of the samples.

SEMMY 0000 WO 15,00 mw L diiiy) MIRAT TESCAN
View fiedt 2006 ym Dot 858 500 rm '
BEM MAD TO00 & Deteimidly) Y0811 mmn

Fig. 18 SEM image, 20 kV, in which letters A, B and C show diffé¢rearbides and D is the matiat 45WCrV7
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Letters A and C represent the primary carbidesGdyland letter B represent the secondary
carbides (MzCs). Letter D is the matrix of the material. The primary carbides are characterized
by grey color, since they have higher carbon content that the segaradbides. Thus, region B

is presented by a white spherical phase. Letter M represents either W, or Cr, Si, Fe.
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Fig. 19PC, SC and tertiary carbide volume fraction (a) tempering time trend and (b) soaking time trend

Seyed Ebrahim Vahdatdt a.l'? mentions that, according teig. 19 volume fraction of the
secondary carbides increases with the tempering time. Greater effect on the increase of the
secondary carbides is given by soaking time, due to defect density around the PCs in the phase
matric. However, volume fraction of the primary cads remains constant irrespective of
tempering and soaking time. Another point worth mentioned is that specimens 002, 003 have the
volume fraction of SCs almost constant, since the conditions of fmmaf SC were not
facilitated. In conclusion, cryogenally treated samples showed precipitation of fine secondary
carbides. This subzero procedure increased their volume fraction and their population density,
causing the formation of more homogenous and refined microstructure.

B. Podgorniket a.l™® usedhigh C and V contentold-work steel A2, cold work tool steel Al
lower C and high W and Co conteand high speed tool steel B1 and examined the
microstructure afteconventional heat treatment (Fig. 20) alekp cryogenic treatment -dt96

°C for 25 h. Three groups of the materials were for(iadble 11)
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Table 11Different treatment cycles for tosteels A1, A2, B1

Austenitizing DC Treatment Tempering

Temp PC] tirsn(;ai:;]r;g Temp PC] Int";mgrst:on Temp PC] Time [h]
Al
1130 6 - - 520/520/500 2/2/2
1100 20 - - 500/500/480 2/2/2
1070 20 - - 585/585/565  2/2/2
1130 6 -196 25 520 2
1100 20 -196 25 500 2
1070 20 -196 25 585 2
JAVA
1180 6 - - 540/540/510 2/2/2
1180 6 - - 560/560/530 2/2/2
1180 6 - - 500/500/480  2/2/2
1180 6 -196 25 540 2
1180 6 -196 25 560 2
1180 6 -196 25 500 2
Bl
1180 2 - - 530/530/500 2/2/2
1100 20 - - 560/560/530 2/2/2
1030 20 - - 570/570/540 2/2/2
1180 2 -196 25 530 2
1100 20 -196 25 560 2
1030 20 -196 25 570 2

Lo, * 1ok, NP, S Rkl ]
Taens R
RN TN N

AT N Tt R

Fig. 20 Typical SEM images for analysis of undissolved eutectic carbide® (§t€y/blackand M6 white) after
conventional heat treatment from the highest austenitizing temperature®Q)1f80 (a) tool steel A1, (b) tool steel
A2 and (c) tool steel B1 tool steel A2
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(@) (b)

Fig. 21 Microstructure of Al cold work tool steel after (a) quenchingctiventional triple tempering (group 1)
and (c) DCT and single tempering (group 1P)

Table 12Quantitative metallographic analystdbglow the detection limit)

Conventional heat treatment Deep Cryogenic treatment (P)

Volume Volume
Grain size Fraction Grain size Fraction
Group [%)] [%]
ISO . ISO )
[em] 643 Carbides RA [em] 643 Carbides RA
Al
3.7 G13 4.43+0.37 <1.¢¢ 3.8 G13 4.38+0.27 <1.¢*
2.9 G14 4.85+0.43 <1.¢¢ 2.9 G1l4 4.98+0.38 <1.¢
2.6 G14 5.05+0.36 <1.(? 2.8 G14 5.50+0.27 <1.¢¢
AV
2.1 G15 19.40+1.33 <1.¢¢ 2.0 G15 19.25+0.53 <1.¢¢
1.8 G15 19.25+0.65 <1.C* 1.8 G15 18.20#1.43 <1.?
2.2 G15 19.30+0.63 <1.¢* 15 G15 18.76+099 <1.¢¢
B1
2.3 G15 16.82+1.21 <1.(? 2.1 G15 1620+141 <1.¢¢
2.1 G15 18.17+2.06 <1.¢* 1.8 G15 17.84159 <1.¢¢
1.9 G15 20.49+1.70 <1.? 2.0 G15 2072+1.70 <1.¢

As it can be seen fromhable 12 for tool steel Al, the grain size of the pranrstenite stagd
bet ween 2.6 and 3.8 em in the microstructure.
distributed carbides (eutectic carbides of M@rey/black, MC 1 white) reachd the value of

5%. As far as the retained austenite is concerned, the volumerrafter cryogenic treatment

and tempering was below the detection limit {{%g. 2J). It is essential to notice that decrease

in tempering temperature caused increase in the volume fraction of the carbides. However, deep
cryogenic treatment had no sificant effect on both retained austenite and volume of carbides.

In the case of tool steel A2, the increased content of C and Vdcadiection to priofaustenite

grain size, in contrast with A1. Moreover, the grain size of the undissolved eutectaesarb
showed great increase, being mainly of MC type. Similar results were observed for the high
speed steel B2, although the carbides are both MC a@d Nbwever, none of the three types of
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tool steels showed significant effect in grain size and carbademe fraction after deep
cryogenic treatment.

The advantage of cryogenic treatment is the formation of fine uniformly distributed carbides,
which have significant positive effects in strength, fracture toughness and structure homogeneity.
Strength and freture toughness are described in the next paragraph.

As discussed above, in tool steels there are three types of carbides morphologies: large carbides,
which do not dissolve during austenitization, secondary microcarbides, distributed during
guenching, ath secondary arocarbides, formed during temperinghus, cryogenic treatment
affects only the nanocarbides during tempering, and let primary and secondary carbides keep
their characteristics.

For cryogenially treatd tool steel H13samples microstructurbanalysis exhibited expected
tempered martensite, involving fine spherical homogeneously dispeasbities’?®. Marcos

Pérez and Francisco Javier Belzunce presented that there is a significant difference in the
carbides precipitation between the treated andtreated samplegFig. 22) HT1 treatmen

cycle exhibied a relatively coarse and sometimes elongated appearance. However, samples
subjected to cryogenic treatment in cycle HT4 sbdwa more uniform distribution of finer
carbides. Thus, cryogenic treatment prodidehomogeneous distribution ther carbides and
increases their volume fraction. It is important to mention that the characteristics of the carbide
network have a positive effect in toughness of H13.

According to the study, the precipitation of figecarbides (transition carbidespsobservedn
the structural defects created duringdgaenching and cryogenic stages. Morequbgrewasan
in-situ nucleation of MC car bi des (-casiohes.mhe finalefgrmatmm of dlloy
carbideswas responsible for secondary hardening.the case of chromiurnontainingtool
steels, MC carbides transform to #s, whereas in tool steels containing molybdeniaC
carbides transform to M. As H13 steel has both chromium and molybdenus barbides are
supposed to transform intoA&% andM-C.
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Fig. 22 H13 steel microstructure at 100000x magnification (F&EEM): a) HT1, b) HT2, ¢) HT3 and d) HT4

OnTable 13 volume fraction of carbides for the four different heat treatments is presented. Tool
steel H13 kpt the volume up to 10%. In cases HT3 and HT4, the cryogenically treated samples
showed increase in volume fraction, in comparison with the-treated samples, as expected.
Comparing the HT-HT2 and HT3HT4, it wasobserved that the increase in carbide @etage

of H13 tool steel reackie22.3% and 8.2% respectively. Moreover, the effect of more severe
guenching medium, such as oil quenchiwgsgreat and reswdd in increase in carbide caentt

of 30% between HT1 and HT4.

Table 13Volume fraction ofcarbides (%) measured in the different heat treatments (HT)

Heat treatment

Carbide content

Thus increase in carbide content provides increase in toughness, since the carbon content of the
martengiic matrix phase will be loweilhus, deep cryogenic treatment affects microstructure of
materials in a significantly positive way. Homogenization and stabilization of internal
microstructure benefits mechanical properties of tool steels, including hsrémes wear
resistance and improve quality and production control of tool parts.

Mahdi Koneshlowet a.l*¥ confirmed the above statement by exarmigi the characteristics of
carbides during cryogenic treatment-a2°C and deep cryogenic treatme®6°C. H13 tool
steel holds a microstructure of large carbide particles inside the matrix. After tempering stage,
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precipitation of finer carbidewas observed, in case of deep cryogenic treatment. Moreover,
through the scanning electron microscope pic(iig. 23) therewere two different types of
carbides: (a) chromium (black), (b) and molybdenum (white) carbides.chromium carbides
werethe domnant carbides in the microstructure.

a

Figure 23 Scanning electron microscopy images showing the effect of deep cryogenic treatment on th chromium
(black) and molybdenum (white) carbides distribution of sample 1 (a) and sample 4 (b)

The sample, which wasukjected in deep cryogenic treatment, showed a fine and more uniform
distribution of spherical carbides in microstructure after tempering. The percentage of carbides
was measured to be 5.8% for rAmeated sample. For shallow cryogenic treatment, the
percaentage was not affected and remained similar. However, deep cryogenically treated sample
showed increase in value which reached 6.9%. The increase in volume fraction is caused by the
transformation of the retained austenite to martensite and the preaipt&tinore carbides. The

more spherical and uniform carbides benefit hardness which is an essential factor in tool steel
applications. Furthermore, it is confirmed that deep cryogenic treatment results in formation of
finer martensite laths in the micrastture. This formation is a main factor whiattiates
nucleation sites for precipitation of fine carbide particles, resulting in enhancement of
mechanical pperties of the H13 tool steel
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Section 3:Hardness and Fracture Toughness

Cryogenic treatmentffects microstructure of tool steel, enhancing mechanical properties,
especially hardness and wear resistance. In general, materials withcaritered cubic (fcc)

lattice keep their ductility at cryogenic temperatures, whereas-t@ugred cubic (bgcand
hexagonaktlosed packed (hcp) materials becdonigtle (jawahir2016). The increase in hardness

is caused by the transformation of austenite to martensite, resulting in great martensite content.
Another factor is the precipitation of finer carbidesifarmly distributed in matrix.

A. Akhbarizadehet a.l™¥ proved the above statement by subjecting D6 tool steel to cryogenic
treatment. According to mechanical properties of D6, hardness without heat treatment reaches
the value of 46 Rockwell C.féer carrying out the different types of hardening treatmemgst
observed that deep cryogenic treatment pral/gteater increase in hardnessnuditerial(Table

4). Although, shallow cryogenic treatment shemhigher hardness than conventional treattne

in the case of deep cryogenic process, the combination of transformed retained austenite with
more homogenized chromium carbide distribution and higher chromium carbide percentage
exhibited better results. Compared with the rgiabilized samples, th&tabilized onesid not

show significant increase in hardness.

Table 14The hardness (HRC) of the hdegated D6 tool steel samples after and before temper

Sample After tempering Before tempering

SHT 62+0.5 64+0.7
SCT20 62.5+0.6 65+0.5
SSCT20 63.3+0.4 65.5:0.4
SCT40 63+0.5 65.5+0.3
SSCT40 63.5+0.6 66+0.5

DCT 64+0.4 66.740.4
SDCT 64.2+0.3 67+0.5

Hardness and fracture toughness have an inversely proportional relationship. In fact, deep
cryogenic treatment causes increase in hardness but decréagghness. Debdulal Das a.l

[18 came to the conclusion that fracture toughness decreases almost linearly with increase in both
macrohardness and microhardnésgy. 24) The specimens were subjected to the below heat
treatmeng:

CHT 1 Conventional HT

CTi Cold Treatmentat-75°C for 5 min

SCTi Shallow CrygenicTreatmentat-125°C for 5 min
DCT1 Deep CrygenicTreatmentt-196°C for 36 hrs

= —a -4 -1
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The deepryogenically treated samples of D2 tool steel stibmoderate fracture toughness, in
contrast with higher value of hardness. The variations of the fracture toughness between the
different heat treatmentgeredue to alterations of the matric microstructure. The matrix of all of

the studied specimens conesbf secondary carbide particles in the tempered martensite, while
the presence of retained austenitd Iheen identified only for the conventionally tredtand cold

treated specimens. Since the characteristics of the secondary cavbi@asodified by the
conditions of the heat treatments, the variatwagerelated to these microstructure alterations.
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Fig. 24 Variations of fractue toughness with Vickers (a) macrohardness and (b) microhardness of the investigated
specimens. CHT: conventionally heat treated, CT: cold treated, SCT: shallow cryogenically treated, DCT: deep
cryogenically treated.

It can be seen that the degree of inweraent in hardness varies with the type of cryogenic
treatmen{Fig. 25) Deep cryogenic treatment shows higher value of hardness than shallow type.
Moreover, it can be seen that the subzero treatment has a more significant effect in case of
microhardnesscompare to macrohardness. In fact, stifdyshows that the improvement in
microhardness over conventional treatment reaches 8.1%, in contrast with 11.4% for bulk
hardness. The increase in bulk hardness can be related to reductisteafta, improvement of
amount of secondary carbides and tough tempered martensite.
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Fig. 25 Effect of heat treatment schedules on the variation of macrohardness (HV60) and microhardness (HV0.05)
values. CHT: conventionally heat treated; CT: cold &@atSCT: shallow cryogenically treated; DCT: deep
cryogenically treatedf tool steels D2

Cord Henrik SurbergPaul Stratton and Klaus Lingenhof suggest that deep cryogenic
treatment between hardening and tempering process improves mechanical properties and
dimensional stability. The samples of D2 tool steel were subjected to ciydgsatiment at50

°C, -120°C, and-150°C. As it canin Table 15 the treated samples t20°C for 2h show
improve in hardness since the percentage of retained austenite is reduced.

Table 15The effect of cryogenic treatment-420°C for 2 h on position dependent retained austenite for an
austenitising temperature of 1070

Before

After cryogenic

Position cryogenic treatment

treatment
RA (%)

Hardness (HRC) RA (%) Hardness (HRC)

Core

Surface 15 65.2 10 66.0
Edae 16 64.2 6 66.4
9 17 64.6 6.5 66.5

Lowering the cryogenic temperature results in less significant change in hardness of the material.
During thestudy of microstructure and mechanical properties of H13 tool steel after cryogenic
treatment'd Mahdi Koneshlouet a.l suggestedhat deep cryogenic treatment sleabhigher

value of hardness, although the changenot great compared to shallow type. The mailsoaa

wasthe fact that a significant percentage of the retained austermitbeem transformed. The
tempered samples, after cryogenic treatment, show the highest hardness, since the process
resuled in better distribution of martensite laths along with tmere uniform and finer
exhibition of carbide¢Table 16)

48



Table 16 UItimate tensile strength and ldaress of samples H13 tool steel

Ultimate tensile

Hardness (HRC) Impact energy (J)

strength (MPa)

1 1580 49 154
2 1640 51 16.1
3 1695 55 17.3
4 1720 59 18.2

Although, it seems that cryogenic treatment affects in a positive way the hardness of the
material, the degree of improvement is related to austenitization temperature. B. Poelgminik

[ suggestedhat the higher austenitization temperature provides the highest value of hardness
(Fig. 26) Al tool steel reached the highest hardness, but the lowest fracture toughness at the
highest austenitizing temperature of 1280 On the other hand, Al tool steel has the highest
toughness and lowest hardness value at the lowest austenitizing temperature® @ a@dtigh
tempering temperature 600 °C. As far as B1 high speed stegldoncerned, similar result are
observed, reaching the highest value of hardness at the highest austenitizing temperature of 1180
°C and the highest value of fracture toughness at the lowest austenitizing temperature & 1030
andhigh tempering tempenate of 530°C . In the case of A2, ausigring temperature remains
constant for all three groups at 1180 Maximum hardness and maximum toughness is reached

at tempering temperature of 540

In conclusion, it can be seen that deep cryogenic treamel®6°C has no significant effect in
hardness of Al tool steel, although there is improvement in fracture toughness. In Group 1,
fracture toughness increasathlmost 70%for anextremely small drop of hardness. For Group

2, hardness is maintained the same leveand the increase in fracture is lower than Group 1.

The lower degree of change is observed in Group 3, in which toughness increases only about
10%, whereas hardness remains constant. According to the study, this behavior can be related to
plastic deformation of primary martensite accompanying martensitic transformation, partial dis
solution of carbide particles and formation of carbon clusters. This plastic deformation, in
combination witheduced amount of dissolved carbon in the martemsitk finer and more
homogeneous carbides precipitation improved fracture toughness. In the case of B1,
improvement of toughness reaches 10% in Group 1 at the highest value of hardness, whereas in
two other groups increase reaches 5%. Thus, deep cryogeatimént had no effect on B1 high

speed steel hardness and fracture toughness. The small effect can be attribatgdsioall

volume fraction of retained austenite in Bl steel after quenching, but mainly to high volume
fraction of undissolved eutectic tades. Finally, for A2 tool steel, deep cryogenic treatment had
negative effect, since in all three groups, it led to reduction in fracture toughness. In fact, in two
of the three groups, reduction in hardness is observed. This behavior is justifiedobgstrece

of undissolved eutectic carbides, as for B1.

49



s
00

| b) u VHT

Fracture toughness, Kic [MPam'/]
BB B R
(=] 3= F=Y [=2]

o N OB Oy

Al A2 Bl
Heat treatment group

ness [HRc]

T 60 -

H

1 2 3 1 2 3 1 2 3

Al A2 Bl
Heat treatment group

Fig. 26 Effect of deep cryogenic treatment on (a) hardnggdracture toughness

Seyed Ebrahim Vahdaet a.l?? compared the treated specimens with the-tneated ones, for

tool steel45WCrV7, and discovered that hardness of DCT specimens shoi@é9ncrease.

The nontreated material was subjecter oil quenching and tempering at 4%0) whereas the

deep cryogenically treated samples were quenched in water prior to DCT. Improvement in both
toughness and hardness was observed in specimens, which were subjected to cryogenic treatment
at -196 °C for 36h and tempering at 20C for 1h and specimensubjected to cryogenic
treatment at196°C for 48h and tempering at 20C for 2h.

For the treatedd5WCrV7 tool stee] maximum toughness is achieved by simultaneously
increasing soaking and temperitignes. However, it is essential to value time and cost of
production. Thus, specimgrsubjected to cryogenic treatment-296°C for 36h and tempering

at 200°C for 1h is a more feasible option. On the other hand, maximum hardness is obtained by
increagng either soaking or tempering times. In this case, a more feasible option would be the
specimes which were subjected toryogenic treatment al96°C for 24h and tempering at 200

°C for 3h.
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3 Cryogenic treatment in different stages and in combinatiomwith surface treatments

Microstructure and mechanical properties can be affected by the conditions on which cryogenic
treatment is carried out. In many cases, cryogenic treatment is held after tempering procedure. In
other cases, surface treatment, esglgcTiN coating is used before or after cryogenic treatment.
The effect of these combinations is examined in multiple studies, which are presented below.

The process of nitridings a ferritic thermochemical taément and usually involves the
introductionof atomic nitrogen into theefrite phase in the temperatusnge 50690 °C and
consequently nphase transformation occurs oooling to room temperature. The methodsw
first used at the end of tHE920s and since then its application has continucssigad, due
among other things to the fact that the processbieasn further developed and caow be
applied to a much larger numbaf steels than was originaltilought possible

D. Mohan Lalet a.ll used samplesf M2, T1, D3 tool steels and subjected them to cryogenic
treatment before and after tempering, as well as coating with titanium before and after the
subzeroprocess(Table 17)The study showed that the samples with prior tempering egdibit
69% and 33.9% improvement on M2 and D3 respectively. However, post tempering procedure
improved the above tool steel samples at a percentage of 86.6% and 48% respectively. Hence,
tempering pocedure after cryogenic treatment is a more desirable option. This can be attributed
to stabilization of carbides and microstructural phases during tempering process, which inhibits
further transformation during cryogenic treatment. Moreover, cryogeratrment is carried out

at a very slow rate for cooling and heating. In that way, the process itself relieves the brittleness
and stress accumulated. As a result, a post tempering proceduresredipy brittleness
remaining.

Table 17Different hardening tratment cycles

Cases Nomenclature followed

Hardened and tempered SHT
Cryotreated at 93 K for 24 h CT (93/24)
Cryotreated at 133 K for 24 h CT (133/24)
Cryotreated at 163 K for 24 h CT (163/24)

Cryotreated at 93 K for 6 h CT (93/6)
Cryotreated at 93 Kor 6 h and
guenched in LNfor 2 h CT (93/6) + LN/2
Tempered and cryotreated at 1

TCT (133/24)

K for 24 h
Tempered and cryotreated at 9
K for 24 h TCT (93/24)
Titanium nitride coated TiN
Cryotreated (C_T 93/24_) and the CT +TiN
coated with Titanium
Titanium nitride coated and the TiN + CT

cryotreated (CT 93/24)
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Fig. 27 Flank wear versus machining time for different cases

FromFig. 27, it can be observed th@iN-coatingcausei8.4%, 42%, 41% improvement while
cryogenic treatmerghowed110.2% 86.6% and 48% in T1, M2, D3 steels, respectively. Thus, it
is observed that cryotreated tools outperfediN-coated tools, while the cost of TiN coating
and cryogenic treatmemtere 25% and 10% of the tool cost, respectivélize case of coating
the cryogenically treated samples sleowmprovement o205.3%, 153% and 146% for T1, M2,
D3 respectivelyOn the other hand, a prior coating treatment at the treated sarapkedess
improvement, reaching the percentagewoly 104% and 109% in M2, D&spectively Hence,
cryogenic treatment on TiN coated samples is not favorable, since it results in shorter tool life.
This may beattributed tothe uneven contraction during cryotreatment of the coating material
and the substrate leading to incipientc&saat the interface. Hence cryotreatment should not be
done after TiN coating
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The process of Nitriding wasalsq carried out forfour tool steel grades: X38CrMoVh
55NiCrMoV6 and Swedish steel grades Uddeholm HOTVAR and Uddeholm QRO 90 Supreme
[Error! Reference source not foundl The samples were nitrited both before and after cryogenic treatment
Theimpactin hardnessf X38CrMoV5-1tool steelis distributed on Fig. 28.

1200

glelih]

Surface hardness HVS
o
——

XIBCrMovs-1

OToughening without additional processing
OToughening + cryogenic treatment

B Toughening + cryogenic treatment + nitriding
B Toughening + nitriding

O Toughening + nitriding + cryogenic reatment|

Fig. 28 Averages and 3% confidence intervals of surface hardness HV5 of X38CrM&\t&ol steel specimens
after hardening and tempering and after vagitypes of additional treatment

It can be observed that, in comparison with the prior nitriding hardening process, post nitriding
treatment exhibits greater value of hardness for the particular tool steel sample. Moreover, in the
case of conventional heat treatment and then nitriding, stimples show higher value of
hardness than the process of hardening + nitriding + cryogenic treatment. However, according to
researchers the drop in hardness for the second case mentasiedignificant and éll within
statistical error. Similar relmins between the different hardening processes are shown on the
below distribution(Fig. 29) In the case of the combination of cryogenic treatment followed by
nitriding, extremely high value of hardneass achieved at great depth from surface. Similar
changes in microhardness were seen for the HOTVARGR® 90 Supreme steat well.The
process of cryogenitreatment carried out prior to nitriding and structur@nsformations
asso@ted with this process seem to facilitai&usion nitriding, thusaffecting both the depth

and the hardness of the internal nitrogandeningzone.
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Fig. 29 Microhardness profiles of X38CrMoV5 tool steel specimens after hardening and tempering and after
variows types of additional treatment

The volume fraction of tained austeniten sampledreated by DCT is related to the sequence
between cryogenic treating and temperiitpe above statement is justified by the study of
microstructure and hardness of tool steeBMo2SiV, during different heating treatments and
cycles [*1 The cryogenically treated samples were austenitized at AD4fuenchedn oil and
then DCT treated in different cycles-496 °C in liquid nitrogen, whereas the ndreated ones
were subjected to conventional hardening and tempered &C2itDa vacuum furnace under
flowing argon atmospherd@able 18)

Table 18Different cycles of heat treatment fimol steel Cr8Mo2SiV

Groups Details of treatment Nomenclature
Hardening & tempering (2 times) HT

Hardening & DCT (2h) & tempering (2 times) HCT2
Hardening & DCT (24h) & tempering (2 times) HCT24
Hardening & tempering (2 times) & DCT (24h) HTC
Hardening &DCT (3 times, 1h) & tempering (2
. HC3T
times)

Hardening & tempering (1 time) & DCT (24h) &

tempering (1 time) HTCT

As it was discussed in previous paragraphs, the higher hardness of the cryogenic treated samples
is due to the decrease of tletained austenité&ig. 30 shows the XRD profiles associated with

the martensitereflections and the carbhacontent of martensite for dlICT treating cycles. The

results show the carbon content in thartensite decreased when proloniper soaking timen

the liquid nitrogen for the quenched sampléxecuting thedeep cryogenic treatmemfter
tempering,increaseshe volume fractiorof retained austenitem a higherlevel in contrast with
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the case of subzero treatmenmior to tempering Table 19) The possible reason is the retained
austenite stabilized after tempering and the stabilized retained austenite is beneficial to
toughness.

Table 19 Retained austenite percentage according to every cycle

Nomenclature Retained austenite percent (%)

HT 23.25
HCT2 2.87
HCT24 2.79
HTC 4.65
HC3T 3.05
HTCT 5.72

0.28
026

|

C% in martensite

0.24
0.22
.20
018
= 016
0,14
012
.10
(.08
0.06
0.04
0.02
.00

Groups

Fig. 30 The carbon content in marterssibr all heat treatment cycles

Shaohong Liet a.lobserved that deep cryogenic treatment after tempering achieves increase in
toughness, whereas hardnessa¢ affected. The reason can be found in the precipitation of
carbides during tempering. Moreover, the samples, which were subjected to deep cryogenic
treatment before tempering, show higher value of hardr¢é€32 (+2.5HRG and HCT24
(+3.5HRC] than the oes in the case of prior temperinghen the saples repeated several
times inthe liquid nitrogen, the hardness increased as high as caoytnifpe deep cryogenic
treatment between quenching and tempefin@ h, and the lower toughneassobtained. The
reason isprobably the internal stress increased and micro cracks proadusd the samples
repeated several times in the liquid nitrogkems indicated that the hardnesiviouslyincreased

when carriedut the deep cryogenic treatmentieen quenching and tempering.
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The effecs of the subzero treatment with prior tempering are observed in the microstructure of
the tool steeWW9Mo3Cr4V high speedteel*d. Cryogenictreatment with prior tempering led to

less increase in the volume fraction of the secondary carbide particles, compared to subzero
treatment with subsequetgmpering(Fig. 31) Moreover, thesubsequentempering process
resulted in more secondary carbides, espedltiieincrease in the amount of small secondary
carbideqFig. 32)
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Fig. 31 Quantitative information on the volunfeactions of carbides in samples experienced differentzeub
treatmentgor WOMo3Cr4V. The volume fraction of carbides is represented by the number of carbides per unit area:
(a) subzero treatment with subsequent tempering; (b}zaro treatment witprior tempering
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Fig. 32 SEM micrographs of sample8V9Mo3Cr4V experienced different heat treatment processes. The
microstructure of theW9HSS samples generally consists of a matrix of tempered martensite and carbides, including
primary carbides (PCs: size45 mm) and secondary carbides (SCs: sizer5 mm), which eresdibdlassified as

larges secondary carbides (LSCs:1 mm osizer5 mm) and small secondary carbides (SSCs: size r1 mm): (a) SEM
micrograph of CONT ;(b) SEM micrograph of CT ;(c) SEM micrograph of CT1; (d) SEM micrograph of SCT; (e)
SEM micrograph of SCT1f)(SEM micrograph of DCT1,; (g) SEM micrograph of DCT1 1; (h) SEM micrograph of
DCT2; (i)SEM micrograph ofDCTA.

As far as hardness is concerned, subzero treatment with prior tempering led to slight
improvement, compared to conventional heat treatn@mthe other hand, cryogenic treatment
with subsequent tempering showed significant increase in hardREss33 exhibits the
difference in hardnedsetween the two heat treatments.
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Fig. 33 Hardness values of samples experienced different heat treatroeesges in different temperatusmges
(CONT, CT, SCT, and DCTpr WO9Mo3Cr4V

As illustrated, the suhkero treatment with subsequent tempering is more effective in
strengthening the material thamthe casewith prior temperingFor subzero treatmentsvith
subsequent tempering, SCT W9 HSS samples stisignificantly higher hardness than CONT
samples. The increase in hardness of DCT1 and DCT2 samples is trivial when compared with the
SCT sample. The shallow cryogenic treatment boosted the sample Isaildeds near complete
transition of soft retained austenite to relatively hard martensite. However, when the sample was
subjected to deep cryogenic treatment, no further improvement in hardness was observed as
compared to SCT sampl@&he reasonis thatthe deep cryogenic temperature produced smaller
secondary spherical carbides, which could be more beneficial to the fracturertesglout may

not lead to significant improvement in hardness. Forzaib treatments with prior tempering,

the improvement ithardness is slight, compared to CONT samples.
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Fig. 34 Impact toughness values of samples experienced different treatment processes in different temperature
ranges (CONT, CT, SCT, and DCT)

After the subzero treatment with subsequent tempering, M&5 showed significantly higher

impact toughness, compared to the CONT sarfipte 34) The lower temperature of saero
treatment resulted in increased impact toughness by 29% (DCT1 sample) relative to the CONT
sampls. As shown, the impact toughness waamproved when subero treatment withnor
tempering was carried out. However, this improvement was not significant compared to the case
of thesubzero treatment with subsequent tempering.

In conclusion through research, it has been observed thabgemjic treatment affects
significantly microstructure and mechanical properties of tool steels. The subzero treatment
generates more secondary carbides, increasing their volume fraction. Moreover, the retained
austenite inside the matrix is transformedoinhartensite.As a result, improvement in
microhardness and macrohardness is caused. However, as the retained austeniternsetlansfo

the fresh martensite increases the residual stress inside the matrix and the brittleness of the
material. With subsequent tempering or subsequent surface treatment, such as nitrésgy,

relief and dimensional stability are achieved. Finally, the tool steel is characterizectdnsd
hardness and toughnesgcrease wearing rateand improved service lifd he effect of the heat
treatment on the microstructure and mechanical properties of tool steels depends on the type of
the tool steel (properties, carbon content) and the conditions on which the procedure is carried

out. Especially, cryogenic treatmeetmperatureand soaking time have an influencing role on
the properties of the final material.
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Chapter IV i Experimental Procedure

Section 1:Introduction

In the present thesithe behavior ohot worktool steelUddeholmOrvar 2M (AISI H13AW. Nr.
1.2344 0.396C, 1%Si, 0.4%Mn, 5.3%Cr, 1.3%Mo, 0.9%\& tempered condition after
cryogenic treatmentvas studiedExperiments aimed at investigating the effect the cryogenic
treatment on microstructurand mechanical properties igro-hardness) of tool steel3he
specific grade of tool steel was subjectedivim differenttypes of cryogenic treatmemtas

follows:

- Deep Cryogenic Treatme(CT) at-196°C for 24hrs. This temperature is considered to
be the lowest limit ofemperature of cryogenic treatment, since it is the boiling point of
Nitrogen.

- Shallow Cryogenic TreatmerfSCT) at -130 °C for 20 min. According to studiethe
destabilization of austenite starts at tieisperatur€. For the particular experiment, 20
minutes are theninimum duration of cryogenic treatment.

It is essential to point that cryogenic treatment was carried out prior to temperibgtifior
experimentsAfter Cryogenic Treatment, the specimens were separated into pairs, each one of
them referred to a diffeneé Tempering Temperature (TThor every TT, the average value of
hardness was measured, producing thus a afrrardness as aration of TT. Furthermore,
changes in microstructure in each paiere observedA comparative study was performed
between cryogenic and namyogenic processed specimens in relationrmiorostructure and
microhardness.

l2Speci mens®d preparation

Twenty (20) specimens of tool steel H13 have been chosen for thenegpeAll specimens
were prepared by the following procedure:

i.  Cutting Specimensvere cut as rectangular pieces of 40x15x15 mm from a tool steel bar.
ii.  Milling: The final shape of the specimens is complete by the milling process.
iii.  Preparation for the experiment

Before insertinghe 20 specimens in the furnadewas essential to organize the pairs in way to
handle them during the process. Each one of the 20 specimer35(i&6). has one through hqle

for support purposes. As a result, they are tied in 4 groups of 5 with a metal wire of great
resistance inigh temperatures. After cryogenic treatment is completed, the pairs remain tied in
the same way, being ready for the process of tempering.
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Fig. 36 Grouped specimens before insertindumace
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1.3 Pre Treatment
1.3.1 Stage No 1: Austenitization

Temperature contrds an integralstepof heattreating procedureswhich generally consist of
three separatunctions: materiamovement, the application of energy, and the supervision of
process contons. In a typical heatreat procedure the specimens placedinto a furnace,
heatedaccording to a timgemperature program, cooled quenched, and finallgmovedof the
furnaceor quench vessel. The temperature, and frequentlatthesphere, must be controlled
preciselyin order to achieve the desired metallurgical resglts

Heat treatment furnaces are classified as batch, semnigous, or continuous. In batflwrnaces,
which are the most common and most versatilehenheat treatment industry, the specingen
typically held stationary in the furnace vestibule. Taméce is loaded or unloadedarsingle
(batch mode) operation.

Box Furnace

The box furnaces the sinplest heatreating furnace (Fig 7). It is used for tempering,
annealing, normalizing, IEtss reliewng, and pacicarburizing. It iscapable of operating over a
wide range of temperatures, -2693°C (200 2000°F). In the particular project this type of
furnace is used.

(b)

Fig. 37 (a) The Furnace used in procedufie) The box used foinsertingthe specimeni the furnace
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Procedure

The 20 specimens, tied groups of 5, put in a metal box (Figl8, wrapped in filter paper (Fig.

38) and inserted in the furnace. The austenitizafioocedure was carried oat 1030°C. The

initial temperature of the furnaeeas13°C and the procedure bagby fixing its temperature up

to 1040°C, since there are thermal losses due to lack of insulation. The initial rate of heat
transferwasset to be & °C/min.

The specimens remained in the austenitization conditions for 55 minutes, following the time
chat which has been recorded. The first 20 minutes are the pilot, since the specimens need some
time to absorb the heat. Another 30 minutes are requiredufsienitization and last 5 minutes

are used as safety time in case the core of the specimen did aoht ttee appropriate
temperature. It needs to be noticed that time inserting the box was measured about 6.86 sec.
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Fig.38 The specimen are wrapped in filter paper inside the box

In the present thesis, two experimarocedures were carried out and are described below.

Experiment Nol:
1. Austenitization at 180 °C (Table20)
2. Air Quenching
3. DeepCryogenic Treatment a196 °C for 24h
4. Tempering at 180C, 280°C, 360C, 450°C, 500°C, 525°C, 550°C, 580°C 600°C,
63C°C for 2 hrs each
Experiment No 2
Austenitization at 180 °C (Table 2)
Air Quenching
ShallowCryogenic Treatment a130°C for 20 min
Tempering at 180C, 280°C, 360°C, 450°C, 500°C, 525°C, 550C, 580°C 600°C,
63C°C for 2 hrs each

PwpnPR
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Table 20. Timetable of austenitization proced3GT - Experiment No1)

Time Furnace Temperature (C)

11:30 (Start) 13 (Set rate to-8 °C/min)
12:06 245
12:19 292
13:16 457
13:25 590
13:33 672
13:38 715 (Change rate taB0°C/min)
13:46 813
13:55 903
14:02 967
14:09 1004 (Insert the specimens)
14:22 1027
14:34 (Finish) 1040

Table 21. Time table of austenitization proce&OT - Experiment No2)

Time Furnace Temperature (C)
09:44 (Start) 13 (Set rate t0-20°C/min)
10:32 960
10:39 993
10:40 1005
10:46 1027
11:07 1022
11:12 Tmin 11022
Tmax: 1029
Cycle duration : 43 sec
Fix: 1040
Tmin : 1033
Tmax: 1040
Cycle duration : 1 min 16 sec
Tmin 11033
Tmax: 1040

Cycle duration : 1 min 18 sec
10347 Specimens inserted
Tmin: 1033
Tmax: 1040
Cycle duration : 1 min 38 sec
1040
1040
Tmin : 1033
Tmax: 1040
Cycle duration : 2 min
13:53 1035
14:34 (Finish) 1035
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The heat transfer process that occurs when a part is heated in a furnace is depigiae29.
Typically, the heat transfer rate is rapid initially and decreases as the temperature of the center of
the partreacheghe surface temperature, which achieves the furnace temperature more rapidly.
Heat transfer in furnaces occurs by convectradiation, and conduction.
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Fig.39 Relationship of temperature rise and heating rates with respect to time
1.3.2 Stage No2: Quenching

After austenitizations completed, the specimens remain outside the furnace taowool (Fig.
40). The exportation endured 13.19 sec. at 15:08 followed by the process of quenOhicey.
the austenite is cooldoelow its critical temperaturét becomes unstable and transfermto
martensite.By reheating these crystallographic andhicrostructural changes resuib the
precipitation of fher carbides in the temperedicrostructure, with consegnt increase in
toughness.

Cooling rate is a functioof the thickness and geometrfytbe sample. Moreover, it i®lated to
the quenchig facility including the extent of agitation, rackj procedure, extent of surface
oxidation, and the effdive heat transfer coefficietetween the part and the quenchamtthis
case, the quenchant is cold air from a blower. Following, a timetabledestcduring quenching
is presented

Table 22. Time table of quenching proce€3(T - Experiment No1)

Time Quenching Temperature ¢C)

15:09 (Start) 1030
15:24 65
15:28 45

15:45 (Finish) 25
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Table 23. Time table of quenching proced3¢T - Experiment No2)

Time
13:58 (Start)
14:24 (Finish

Quenching Temperature(°C)

(@) (b)

Fig 40. (a) The box ofspecimens out of the furnade) The specimens ready for quenching

After the process of quenching, the specimens were inserted in a secondary furnace and
maintained at 100C for about 1 hour, in order to achieve temporary tempering @ag. This

process is called snap tempering and is known gsregautionary interim stregslieving

treatment applied to high hardenability steels immediately after quenching to prevent cracking
The process started at 16:11, the temperature raised at 16:14 and thus tempering of the specimens
began. At time 17:30, the specimens were exported form the furnace and left to cool down. Their
temperature reached 40 at 17:49.
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(b)

Fig.41 (a) The specimens after quenchirfly) The secondary Furnace for mini tempering
1.3.3 Stage No3: Cryogenic Treatment

Liquid nitrogen is most widelysed in cryogenitreatment. It has a melting point and a boiling
point of -21001 °C (63K) and-195.8°C (78 K), respectivelylt is a most abundant gas: it
composesabout fourfifths (78.03%) by volme of the atmospherdt is often abbreviated as
LN2. It is colorless, odorleststeless, and nontoxic

At the initial stageconventional electrical cdiag may also be used to redute temperature to
abou -73°C (200K) which makeshte process econommad. At -73°C (200 K), the liquid nitrogen
system cuts in, to cool it ftiver following a desired cycléiquid nitrogen is convertkto a gas
before it enters thehamber, so that at narte does liquid nitrogen come gontact with the
parts to eliminateny danger of crackingf the specimenThis process refines and stabilizes the
crystl lattice structure andistributes carbon particlevenly throughout the materjareating a
stronger, more durable materi&l

Figures42a and42b show the cryogenic processor of STL along with Liquid Nitrogemtainer
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() (b)

Fig. 42 (a) Liquid Nitrogen,(b) Chamber of Cryogenic treatment

Initially, the two main valves of nitrogewere opened. The rate of decreasing temperature
reachd 2.5°C/min, and the initial temperatune@asat 19°C. When iquid nitrogenwasconvertel

to a gas and ented the chamber, creating cryogenic conditions, specimanmesinserted in the
chamber. The process endiligal hours at temperatur:96 °C.

In the end of théreatment, the final pressure reaghiee point of 56 PSI or 3.9 bar. Shutting off
the valves, the temperature bedo increase with rate of magnitude 2°C¥min. The gate of the
chamber opened and the specimessereadyfor cooling downuntil ambienttemperatureThe
color of the specimens, from light grey due to low temperaturegndegade and dark metal
colorwasobserved (Fig43). Below, a timetable of the procedure is exhihited

Table. 24 Time table for Cryogenic treatmemCT - ExperimentNo1l)

Time Temperature °C

17:53 (Starti Open Valves) 19

18:05 -2
18:11 -20
19:18 -196

19:18 (24hi Finish) -196
19:20 -187
19:25 -178
19:30 -174

19:35 (Open the Gate -172
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The second experiment was carried out with the same machinestngments. Cryogenic
treatment temperature €30 °C with holding time of about 20 minutes, under the same
conditions regarding the cooling rate.

Table. 25 Time table for Cryogenic treatmef8CT - Experiment No2)

Time Temperature °C

16:33(Start 1 Open Valves) 19
16:39 11
16:41 7
16:42 1
16:47 -6
16:52 -21
16:55 -26
16:59 -39
17:03 -51
17:05 -58

Finish (20 min) -130

(b)

Fig. 43 (a) Inside the Chamber of Cryogenic treatméh},The specimens after the process
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1.3.4 Stage No4: Tempering
StructuralChange$3

Based on xay, dilatometric, and microstructural studies, there are three distinct stages of
tempering, even though the temperature ranges overlap:

1 Stage I: The formation of transition cates and lowering of the carbon content of the
martensite to 0.25% (100 to 250 °C, or 210 to 480 °F)

1 Stage II: The transformation of retained austenite to ferrite and cementite (200 to 300 °C,
or 390 to 570 °F)

1 Stage lll: The replacement of transition dgdds and lowtemperature martensite by
cementite and ferrite (250 to 350 °C, or 480 to 660 °F)

An additional stage of tempering (stage 1V), precipitation of finely dispersed alloy carbides,
exists for highalloy steels. It has been found that stage | of tempering is often preceded by the
redistribution of carbon atoms, called autotempering or quésmipering, during quenching
and/or holding atoomtemperatureOther structural changes take place because of carbon atom
rearrangement preceding the classical stage | of tempering.

Dimensional Changé&d

Martensite transformation is associated with an increase in volume. During tempering,
martensite decomposes into a mixture of ferrite and cementite with a resultant decrease in
volume as temperingemperature increases. Because a 100% martensitic structure after
guenching cannot always be assumed, volume may not continuously decrease with increasing
tempering temperature.

The retained austenite in plain carbon steels andaltwy steels transform® bainite with an
increase in volume, in stage Il of tempering. When certain alloy steels are tempered, a
precipitation of finely distributed alloy carbides occurs, along with an increase in hardness,
called secondary hardness, and an increase in volitie.the precipitation of alloy carbides,

the Ms temperature (temperature at which martensite starts to form from austenite upon cooling)
of the retained austenite will increase and transform to martensite during cooling from the
tempering temperaturds far as the specimens are concerned, they, as pairs, are inserted in the
furnace. It is important to know that the tempering process is held in the same furnace the
austenitization happened.
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Before placing the specimens, the bath salt of the specifipdieng Temperaturevasinserted

in the furnace in order to melt. When the bath salt reahekpected temperature, the specimens
were inserted.The temperature of the bath salts was measured duigh input thermocouple
thermometer (Fig44). In Annex | andAnnex |l the timetables of the 20 tempering procedures
are presented.

Dual Input Thermocouple Thermometer {

Fig. 44 Thermometeused for the experiment
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1.4 After Treatment

After the experiments, specimens were prepared for miaaigte analysis and midnardness
measurement following the described procedure below

1.4.1 Cutting
Every one of the specimens was cut in two pieces with the follow dimensiondgfig.

1 One piece of 15x15x15 mm
1 One piece of 25x15x15 mm

The cutting machinef Shipbuilding Technology Laboratomyhich was used is Discotef
manufactured bgtruers (Fig. 45). Cutting procedure wagerformedwith the following settings

1 Propulsion speefixed t00.5 mm/s
1 Rotational speed of disk set2800 RPM.

(@) (b)

Fig. 45 (a) Cutting machine outsidéb) Cutting machine inside
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(a) (b)
Fig. 46 (a) Specimens before cuttinfh) Specimens after cutting

1.4.2 Mounting

Mounting is a process, in which the specimens are inserted in plasis filled with epoxy

resin, for 24 hours in order form a solid disk or puck that can be used to handle the sample
easier For the procedure, EpoFix Resin, by Struers, was used. The forms are shown below (Fig.
47). In the nounting process, the specimaislimensions 15x15x1&ere usedFig. 48).

Fig. 47 Specimens through mounting process
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Fig. 48 (a), (b) Specimens beingnd numbered after mounting procedure

1.4.3 Grinding, polishing and etching

The mounted specimens were polished, in order to be used for metallographic analysis and
microhardnessneasurement (Figp0). The polishing machine iype LaboPob, manufactured

by Strues (Fig. 49a). The variable rotational speed of between 500 rpm is controlled by an
electronic servo system that keeps the selected speed constant, independent of fHeeload
chosen speed was 300 rpm. The systemater cooledwith a200mmin diametermplatenwhile
sample holdecan hold three specimens3@mm. Moreover, for the procedure multiple types of
grinding papes were used, including, Grit 180, 220, 320, 500, 800, 1000, 2000. After grinding,
polishing pocedure was performed by using a velvet disth two types of polishingastesas
lubricant @ AP-A Suspension dm agglomerated alpha alumina, AP-A Suspension 0€n
agglomerated alpha alumina (F48.b). Finally, nital of concentration-3% was use@s etchant

for preparing the surface for microstructure analysis.
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(b)

Fig. 49 (a) Grindingand polishing machine LaboR5] (b) Polishing pastes

Fig. 50 Polished specimens
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Section 2: Results
2.1 Microstructure

The treated samples were subjected to microstructure examibgtiosing Leica DMIL optical
microscope coupled witheica DFC290 HD digitamicroscope camerand Leica Application
Suite image analysis softwar€he microstructure of the materiéd presented in magnification
of x10, x20, x50 and x10Microstructuresvere conpared to the corresponding ones from the
untreated materiakigures belowFig 51-54) show the microstructure of the specimen subjected
to tempering at 180C and at temperatures in the precipitation ad&fC, 500°C, 525°C and
55C°C, for the two experimental procedures.

As it can be observed, the below pictures show the expected structure of martensite along with
the carbides, the density of which is noticeably increased at the temperatures around the area of
precipitation. Even though, it is argued that the cryogenigtrtrent contributes to complete
transformation of the retained austenite, a small percentage of remained austenite is expected to
be found [*9, The white areas are expected to be carbide areas and are dispersed inside the
matrix.

Comparing the aforementioned cryogenic treatment procedures, optical metallographic
microscope shows no difference in microstructure. Thus, SEM microscope is needed teeexami
further the matrix of the samples. SEM photos are shown in the next paragraph.

Deep Cryogenic TreatmenExperiment No 1

Grain boundaries

o * o

Grain boundaries

s

20 pm 20 pm
—  —

(a) (b)

Fig. 51 Indicative microstructures @CT (Experiment No 1) at various T&) Specimen No 4 18C°C (x100), b)
Specimen No 6 450°C (x100)
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Carbide aaalomeration

(©

Fig. 52 Indicative microstructures @CT (Experiment No 1) at various T&) Specimen No 8 500°C(x100), b)
Specimen No 12525°C(x100), ¢) Specimen Nd.31 550°C (x100)

In the case of tempering at 180 (Fig.51), it is observed that the microstructures after tempering
are similar with clearly etched grain boundaries. The size of the coarse grains may indicate lower
percentagef precipitated carbideimside the boundarie# relation to the rest of the tempering
temperaturesTaking into consideration the microstructures of e of 500 °C, 525C and
55C°C, the grain bandaries are not clearly etchddowever, carbideagglomeratiorareas are
observe, suggestinghat microstructure is naypical tempered martensitds TT increases, the
agglomeratiorof carbides becomes greater and more obviddereover, fine martensite laths
and dispersedphericalcarbidesof Molybdenum and VanadiurfV-Cs, Mo Cs) of size below
lem areobserved in all the above cas€kelarger and wider carbidgsize 13 m) are expected

to be the Chromium carbidg€r-Cs). Regarding the case of shallow cryogenic treatment,
similar microstructures appear fo of 180°C and 450C. Neverthelesamicrostructures for TT

of 500°C and 528C show reverse results in relation to DCT. Higher levels of carbide
agglomerationare observed in the first casggeshg increase in carbide content. For both
DCT and SCTmicrostructure of tempered martensite at"®58howssimilar results.
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Shallow Cryogenic TreatmentExperimental No 2

Grain boundaries

(b)

V-Cs & MaCs & GCs
Carbide agglomeration

Carbide agalomeration

V-Cs & MaCs & GCs

(d)

Carbide aaalomeration

(e)
Fig. 53 Indicative microstructures GCT (Experiment No 2) at various T&) Specimen No 21180°C(x100),b)

Specimen No 28450°C (x100)c) Specimen No 29500°C (x100), d) Specimen No 31525°C(x100) e)
Specimen No 33550°C(x100)
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Untreatedspecimen

Fig. 54 Indicative nicrostructure ofintreatedspecimen (x100)

Fig. 54 shows the microstructure of the material which was not subjected to any heat treatment.
The untreated tool steel samplelongs to the category of hypoeutectoid steels. Thasntains

perlite and ferritemicrostructureand primary carbides ararely observedit can beseenthat
cryogenic treatment caused great impact on microstructure since the tempered martensite with
the carbide precipitation is observed in higher content, in cosgpuawith the untreated sample
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2.2 Carbide Precipitation

As it has been discussed above, cryogenic treatmemtributes tothe formation of finer
martensite laths in the microstructuaad initiatesnucleation sites for precipition of fine
carbide patrticles. In order to observe the precipitated carbides inside the steel stetnigg
electron microscop€SEM - Jeol JSM6390, of STL was usedThe SEM microscoperoduces
images of a sample by scanning the surface with a éocbseam of electrons. The electrons
interact with atoms in the sample, producing various signals that contain information about the
sample's surface topography and composifidre following pictures exhibit the microstructure

of the H13 tool steel, inclundg the presence of the carbides for the main tempering temperatures
(180°C, 450°C, 500°C, 525°C and 550°C

Deep Cryogenic TreatmentExperiment No 1

1 Specimen No 4 (18C)

20kV ~ X10,000 1pym 10 50 SEI

20kV . X5,000 Spm ) 10 50 SEI

(b)

"

Z, " J
' 2qf</" X3,000 " 5um 10°50 SEI'

(€)
Fig. 55 Indicative SEM microstructures oDCT (Experiment No 1) aft T=180<C: a) x10,000, b) x5,000 c) x3,000
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Carbides of various dimensions are depicted in the above photo, for tempering température
18(°C. The large carbide at the grain boundary is considered wifpary insoluble carbide.
Additionally, anumber of carbideare portrayed in the picture, with diameter up to €8,

which have been precipitated during tempering procedure &180s essential to mention that

the secondarycarbides at TT of 188C are acombination of the transition carbid@3carbides

and d-carbides), which were formed during tempering, and the carbides of Mo and V, which
alreadyexist inside the matrix of the untreated tool steel. Although, thecéibides and V
carbides are part of the primal microstructure of the material, they cannot be considered as
primary carbides due to their size.

1 Specimen No 6 (45C)

O | =
@)

20kV  X10,000 1um 10 50 SEI 20KV, X5,000 Sum 10 50 SEI
(@ (b)

(d)
Fig. 56 Indicative SEM microstructures &fCT (Experiment No 1) at T=450°C. a) x10,000, b) x5,000 ¢) x5,000

Tempered martenisitenicrostructure is observed in the above photo. In contrast with the
tempering temperature of 18D (Fig. 55) there is higher content of carbides which are more
uniformly dispersed.
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1 Specimen No 8 (50C)

20kv  X5,000 Spm 10 50 SEI

Fig. 57 Indicative SEM microstructures &fCT (Experiment No 1) at T=500°C

1 Specimen No 12 (52F)

20kV ~ X5,000 Sum 10 50 SEI

(@) (b)

20kV  X2,000 - 10um 10 50 SEI

Fig. 58 Indicative SEM microstructures &fCT (Experiment No 1) at T=525°C. a) x2,00Q b) x5,000
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1 Specimen No 3 (550°C)

O

20kV  X2,000 10pm 10 50 SEI 20kV ~ X5,000 Spum 10 50 SEI O

(@) (b)

Fig. 59 Indicative SEM microstructures &fCT (Experiment No 1) at T=550°C: a) x2,00Q b) x5,000

Unfortunately, dugo resolutions and magnification limitations with the equipment, it is still
challenging to properly see these small carbiesthe case of 500C, 525°C and 550°C.
However,the size of these particlestrongly suggestthat theyare secondarycarbides.These
carbides were precipitated during the secondary hardening process.
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Shallow Cryogenic TreatmentExperimental No 2

1 Specimen No 21 (18C)

10 50 SEI

>3

20kV ~ X7,000 ' 10 50 SEI 20KV - X7,000 2um § ., 10,50 SEI

(d)

Fig. 60 Indicative SEM microstructures &T (Experiment Nd2) atTT=180°C: a) x10,000, b) x10,000, c)
x7,000, d) x7,000

In the above cas@-ig. 60) uniform dispersion of carbides of the same size is observed. This
microstructure is similar with the one in the case of deep cryogenic treatmeitture 60(a),
anagglomeratiorof carbides is observed, revealing that the thermodynamic conditionscare su

as tocause the merge of two carbides. In addition, the crowded areas of carbides (Fig. 60d) show
that,despite the low TT of 18C, the energy state of the material facilitaties initiation ofthe
nucleationsites for precipation of more fine carldie particles
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1 Specimen No 28 (45Q)

20kv  X10,000 1pum 10 50 SEI

"20kv X10,000 1pm 10 50 SEI

20kV  X5,000 Sum 10 50 SEI

(d)

20kVv® - X7,000 2um 10 50 SEI

Fig. 61 Indicative SEM microstructures & T (Experiment Nd?2) at TT=450°C. a) x10,000, b) x10,000, c)
X7,000, d) x5,000

Regarding the temperature of 480(Fig. 61) there is uniform dispersion and the carbide
content is higher.
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1 Specimen No 29 (50Q)

Fig. 62 Indicative SEM microstructures &T (Experiment Nd&2) at TT=500°C: a) x10,000, b) x5,000

1 SpecmenNo 31(525°C)

f20kv' X10,000  1um 10 50 SEI

Fig. 63 Indicative SEM microstructures 8CT (Experiment Nd?) atTT=525°C: a) x10,000, b) x5,000

For both of the above temperatu(ésy 62, 63), the microstructure is similar with the matrix of
the samples subjected to deep cryogenic treatment and tempered@t 450
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1 SpecmenNo 33 (55C°C)

20kV  X10,000 Apm 10 50 SEI

20kV  X5,000 Spm

(b)
Fig. 64 Indicative SEM microstructures &CT (Experiment N&) at TT=550°C: a) x10,000, b) x5,000

In the particular case of shallow cryogenic treatment and tempering ac,588iformly
dispersed carbides of size up to @@ are observed. These carbides are considered to be
carbides of secondary precipitation.
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2.3 Hardness

For every pair for both of the experiments, one specimen was used for microhardness
measurementMethod as per Vickers at 0.3kg weight was applied for the measurement of
microhardness. It is essential to point out that, in each case, more than 10 values of
microhardness was measured in order to avoid great devi@iom.to small measurement
imprint and the existence of carbides, microhardness results showed some extremeAtalues.
this point the Boxplotdiagrammethodwas used so as to saside values of high deviation
Moreover,the Shaphiro Wilk W method was appligdorderto check the normalization of the
remained values. It was proved that the microhardness measured valuegtinarémits and
approved

Additionally, it shall be well noticed that microhardness was measured from the inside surface of
the cut specimen and not the external. The extreme conditions due to the heat treatment have
causeddecarburizatioron the stelesurface. Although, grinding and polishilgve managed to

clean and preparhe external surface, the percentagedetarburizatiorcould not be measured

and it could be a risk for the values to be taken from this pfacally, the tempering diagram in

the case of conventional heat treatment (at the same austenitization temperature) was received
form the manufacturing company in order to complete the comparison. For the conventional
treatment, information regarding the procest thas carried out, along with the cooling medium

and the size of the samples are given throtlgh corresponding nterial brochure of the
manufacturerBelow are the mean values of hardness for every TT for the treatment procedures.

Table 26 Micro 1 Hardress of treated sample®CT -196°C for 24 hrs

Cryogenic Heat Treatment (24hrs)
TT(°C) 181 280 362 450 501 523 550 580 600 630
EIlepes 594.3 605.6 613.5 583.7 630.9 6238 612.2 565.1 528.8 456

Table 27 Micro i Hardness of treated sampld@CT -130°C for 0.3hrs

Cryogenic Heat Treatmer.ghrs)

TT(°C) 180 290 370 450 501 526 548 577 602 630
pElEES] 653.74 618.70 645.11 662.24 666.61 684.98 674.03 619.24 577.10 500.44

Table 28 Micro 1 Hardness of treated sampleSonventional HT

Cryogenic Heal'reatment (24hrs)

TT(°C) 181 281 353 450 499 526 550 576 600 633
REIOIESY 569 563 572 595 610 620 602 535 500 413
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Microhardness HV0.3

500 -

450 -

Microhardness HV0.3

700

650 -

600 -

550 |

Boxplot diagram of tempering tempertures DCT -196/24
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‘ =

181 280 362 450 501 523 550 580 600 630
Tempering temperature (0C)

Fig. 65 Boxplot diagram of tempering temperatures DQY6°C for 24 hrs.

Boxplot diagram of tempering temperatures SCT -130/0.3

700 -

650 -

600 -

550 -

500 -

*
*

-'l =
"8

T

180 290 370 450 501 523 550 580 600 630
Tempering Temperature (0C)

Fig. 66 Boxplot diagram of tempering temperatuBsT -130°C for 0.3 hrs.
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Boxplot diagram of tempering temperatures Conv HT
750

UL

550

Microhardness HV0.3

500

181 281 353 450 499 526 550 576 633
Tempering temperature (0C)

Fig. 67 Boxplot diagram of tempering temperatufasnventional HT

According to above Boxplot diagraniBig. 66-67), thae are extreme values of microhardness

for each of the tempering temperatures. The ones which exist far from thevadaanare
considered fAinvalido since they represent val
these values shall be excluded from the final chart.

It is essential to mention that the heating rate from the cryogenic temperature to ambient

temperature was studied. In the case of deep cryogenic treatment, heating rate was higher (at

172°C, the specimens were taken out of the chamber in order to reach ambient temperature. On
the other hand, in shallow cryogenic treatment, the samples remasgigel the chamber until

the expected temperature was reached.
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ORVAR 2M:COMPARATIVE TEMPERING CHART

735

635

535

435

335

HARDNESS HV0.3

235

135

35
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Conv Cryo -196/24 Cryo -130/0.3

200 300 400 500
TEMPERING TEMPERATURE{C)

Fig. 68 Comparative Tempering Chart

Shallow Cryogenic Treatmentl3(°C/20min
From the tempering chart (Fi8), increase in microhardness values of88BV is observed
through the temperature range, except for the arsacaindary carbide precipitation where this
difference is reduced to 2DHV. According to Uddeholm manufacturimpmpany®! the

di fference

S

due to the more

600

compl et e

700

transf

lower tempering temperatures, the difference in microhardses® HRC, whereas less or no
change is expected in the case hiafher tempering temperatures. In the area of carbide
precipitation, the complete austenite transformation contributes to increasing the carbide
percentage and as resulthardnesss increasedHowever, the difference in hardness, in the
particular areais lower, in relation to the conventional heat treatment due to the existence of the
tempered martensite. Tempered martensite is more stable and characterized by lower hardness
than the untempered. As far as the high tempering temperatures are concerdéterdreein
microhardness between shallow cryogenic treatment and conventional treatment is greater since
there is no carbide precipitatioAdditionally, no differencas obsrvedat the temperatuseof
secondary hardening between the two aforementioned heat treatments. The conditions, on which
the shallow heat treatment was carried out, such as the temperature and the duration, did not
contribute to carbiderecipitationf? 323439 Thus, the thermodynamic behavior of the material

did not change.
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Deep Cryogenic Treatmenfl96°C/24hrs

Regarding this type of cryogenic treatment, an increase in microhardness valuet)dfiZ0s
observed, across the whole TT range, except the area of the carbide precifitgtié8). This
behavior is justified by the same reason as the ones in the case of the shallow cryogenic
treatmentMoreover, it can be observed from the chart, that the temperature, at which the carbide
precipitation takes place, is reduced byQ@QOresulting intransposition of the curve to the left.
Deep cryogenic treatment acceleratespinenomenon of diffusion and as result the precipitation

of the carbides is activated ta a lower tempering temperatimis. shift is the macroscopic
representation of the chg@in the thermodynamic behavior of the material.

In comparison with the shallow cryogenic treatment, it can be observed that microhardness, in
the case of shallow, shows higher values than deep. This is considered to be in conflict with the
theory of micocarbide fomation during the subsidentemperature§9. This phenomenon is
attributed to two specific reasons. One reason is related to carbon content insigetémesite

matrix 37, The under study aterial contains an average percentage of carbon. As a result, the
process of carbide precipitation is restricted and there is great difficulty in observing huge
changes in hardness. However, changes in wear resistance are expected. Another reason relies o
increasing rate from the cryogenic temperature to the ambient temperature. In the case of shallow
cryogenic treatment temperature rate was slow. On the other hand, deeply cryogenically treated
samples showed higher rate of increasing temperature. Asgdaresearchers, this heating rate
plays an important role on the performance of cryogeaatment®®. Based on thermodynamics

rules, slow heigng rate has as a result the material to pass thrsugtessive equilibrium states

in relation to the rapid ratd hus,the final state of the materialin a different intensive state.
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Conclusion
The present experimental thesis was carried out in order to study the changes in microstructure
and mechanical properties ddddeholm Orvar 2Mtool steel after cryogenic treatment.
According to numerous studies, cryogenic treatment on tool steels coedrititcomplete
transformation of retained stenite to martensite as well as precipitation and formation of finer
carbides in the material. The above microstructural changes led to enhancement of mechanical
properties of the material, including increaséhardness. The level of the changes depends on
the type of the cryogenic treatment (Deep or Shallow) and the grade of the tool steel, especially
the carbon content. Moreover, the level of contribution on the behavior of the material depends
on the sequencaf the treatment processes, the quenching medium as well apgheation of
additional surface treatment, such as nitriding.

Through the experimental procedure, Orvar 2M samples were subjected to deep and shallow
cryogenic treatment prior to temperiagd the results were compared to the conventional heat
treatment behavior. As it was observed, both types of cryogenic treatment showed secondary
hardening in the matrix, although higher values of microhardness were measured in the case of
the shallow tremnent. These results may be related to the heating rate from the cryogenic
temperaturdor each procedurer the carbon content of the martensitic matrfixhe tool steel
Moreover, through SEM and optical microscop@gcrostructure changes were observébe
retained austenite from quenching processnmdeencompletelytransformed into martensite

and the percentage of precipitated carbides increasediiner carbides are uniformly dispersed
inside the matrix, increasing the microhardness. It is ardethat wear resistance is also
increased.

In conclusion,the present thesis gave the opportunity to understaymgenic processing, a
subject on whicha number of published papers contain conflicting or specific, generally,
conclusions and informatiotHowever, cryogenic treatment contributes in the enhancement of
mechanical properties and structure stability of the material.
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ANNEX |

Experiment No 1 (AT Q1 CT (-195/24h)i T)

Tempering Temperature = 36ZC

Specimens 1 & 2

Table A.1 Tempering at 362C

Procedure

The bathing box is
inserted in the furnace

New Fix

Cycle

The specimens are
inserted
Check
Check
Check
Check

Check
Check

Cycle

Check
Check
Check
Check
Check
Check

Check

Check

END of Tempering
Cooling
END

Temperature

Fix : 220°C

Display : 276°C
Temperature of bath: 33C
Fix : 320°C

Temperature of bath: 336
Tmin :317°C

Tmax: 338°C

Fix : 320°C

Display : 323C

Display : 336°C

Display : 329°C (Cold material in hot environment)
Display : 32(°C

Display : 317C

Display : 33C°C

Max : 333°C

Display : 331°C

Tmin : 317°C

Tmax: 333°C

Cycle duration : 12 min 18 sec
Display : 318°C

Display : 317°C (Re: ON)
Display : 324°C

Display : 334°C

Display : 326°C

Display : 317°C

Fix : 320°C

Display : 333C
Temperature of bath: 368
Tmin : 317°C

Tmax: 333°C

(10,44 min

Temperature of bath: 362

T:30°C
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18:28

18:48

19:06

19:22

19:30

19:33
19:40
19:40
19:40
19:47
19:57

20:12

20:38

20:54
21:08
21:16

21:18

21:32
21:38

21:47

Tempering Temperature = 18T

Procedure

The bathing box is

inserted in the furnace

New Fix
New Fix

Check

Check

Check
New Fix

Check

New Fix
Check

New Fix

The specimens are
inserted
Check

Check

New Fix

Check

Check
Check

Check

Check
Check

END of Tempering

Specimens & 4

Fix : 220°C
Display : 218C

Temperature of bath:

Fix : 170°C
Display : 218C

Temperature of bath:

Fix : 150°C
Fix : 150°C
Display : 189°C

Temperature of bath:

Fix : 120°C
Display : 158°C

Temperature of bath:

Fix : 130°C
Display : 147°C

Temperature of bath:

Fix : 100°C

Temperature of bath:

Fix : 100°C
Display : 145°C

Temperature of bath:

Fix : 135°C
Display : 142°C

Temperature of bath:

Fix : 130°C

Display : 149°C
Fix : 135°C
Display : 146°C
Fix : 140°C
Display : 143C
Fix : 140°C
Display : 135°C

Temperature of bath:

Display : 155°C
Display : 149°C
Display : 147C
Display : 140°C

Temperature of bath:

Display : 141°C
Display : 14C°C
Display : 139°C

Temperature of bath:

Table A.2 Tempering at 18€C

Temperature

26¢

246

22C

20¢

198

182

131

183

183

185

183
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18:38

19:09

19:45

20:38

20:38
20:39

20:50

Tempering Temperature = 45T

Procedure

The Furnace is ON

The specimens are
inserted

Check

Cycle

Check

Check

END of Tempering
Cooling
END

Specimen$ & 6

Table A.3 Tempering at 456C

Temperature

Fix : 415°C
Rate : 78 °C/min

Display : 426°C
Temperature of bath: 440
Tmin 1 412°C

Tmax: 425°C

Cycle duration : 8 min 14 sec
Fix : 415°C

Display : 424°C
Temperature of bath: 448
Fix : 415°C

Display : 415°C
Temperature of bath: 440
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09:46

10:04
10:08

10:23

10:25
10:28

10:28

10:33

10:54

10:59

11:26

11:37

11:53
12:16

12:40

13:07

13:09

13:32

13:50

14:30

14:32

14:56

15:10
15:16

15:21

Tempering Temperature 500°C

Procedure

The Furnace is ON

Check
New Rate

Check

Cycle
Check

Cycle
Check
Check
Cycle
Check
Check

Check
Check

Checki New Fix
New Fix

The specimens are
inserted

Check
Cycle
Check
Check
Check

END of Tempering

Cooling
END

Specimen¥ & 8

Table A.4 Temperingat 500°C
Temperature
Fix : 465°C
Rate : 67 °C/min
Display : 306°C

Rate : 910°C/min

Display : 459°C (Re : ON)
Display : 461°C (Re : OFF)
T: 462°C(Re : ON)™ T: 464°C(Re : OFF) 88.7 se}
Display : 468°C

Tmin :462°C

Tmax: 469°C

Cycle duration : 2 min 26 sec
Display : 469°C

Temperature of bath: 37@
Display : 468°C

Tmin 1 462°C

Tmax: 473°C

Cycle duration : 3 min 55 sec
Temperature of bath: 482

Fix : 465°C

Display : 466°C

Temperature of bath: 486
Temperature of bath: 488
Temperature of bath: 493
Temperature of bath: 493
Fix : 470°C

Fix : 480°C

Display : 488°C

Fix : 480°C

Display : 482°C

Temperature obath: 502C
Display : 477°C

Tmin 1 476°C

Tmax: 489°C

Cycle duration : 5 min 52 sec
Display : 476°C (Re : ON)
Display : 481°C (Re : OFF)
Display : 489°C (MAX)

Fix : 480°C

Display : 492°C

Temperature of bath: 56C
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08:50

09:10

09:32
09:39
09:42
09:59

10:05
10:06
10:07

10:16

10:23
10:52

11:10

11:14

11:23

K
11:34

12:22

13:10
13:20

13:55

14:03

14:24

14:40

15:02

Tempering Temperature = 28T

Specimens 9 & 10

Table A.5 Tempering at 288C

Procedure

The Furnace is ON- The
bath salts for 28%C, 350
°C are inserted

Check

Check
New Fix
New Fix
New Fix

Liquefaction ofbath
Check
Check

Check

Check
Full Liquefaction of bath

Checki New Fixi new
Rate
Check

Cycle

Check
New Fix

Checki New Fix

Check

New Fix
Check- The door of
Furnace is opened
Check- The door of
Furnace is closed

Check

The specimens are
inserted

Check

Temperature

Fix : 230°C
Rate : 67 °C/min
Display : 85°C
Display : 204°C
Fix : 230°C
Display : 225°C
Fix : 240°C

Fix : 260°C
Display : 271°C

Display :
Display :
Display :
Display :
Display :

257°C (Re:
262°C (Re:
257°C (Re : ON)
262°C (Re : OFF)
273C (MAX)

ON)
OFF)

Temperature of bath: 230
Fix : 290°C

Rate : 10C/min

Display : 309C

Tmin . 287°C

Tmax: 301°C

Cycle duration : 5 min 26 sec
Temperature of bath: 26D
Fix : 310°C

Temperature of bath: 33D
Fix : 260°C

Temperature of bath: 316
Fix : 225°C

Temperature of bath: 382

Display : 197°C

Fix : 225°C

Display : 232°C
Temperature of bath: 283
Fix : 225°C

Display : 232°C
Temperature of bath: 280
Fix : 225°C
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Check
Check

Cycle

Check
END of Tempering
Cooling
END

Display : 229°C

Display : 225°C

Display : 222°C (Re: ON)
Display : 226°C (Re : OFF)
Tmin 1 222°C

Tmax: 240°C

Cycle duration : 27 min 9 sec
Temperature of bath: 270
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09:53

09:56
10:20
10:27
10:42

10:51

10:56

11:56

11:56

12:05

12:13
12:59
13:10
13:37

13:55

13:55
15:04
15:14
15:27
15:30

15:37
15:38

15:46

Tempering Temperature = 52%

Procedure

The Furnace is ON

Cycle
Check

Check
Check

Cycle

Check

Check
New Fix
Cycle

Check
Check

Check
The specimens are
inserted

Check

Cycle

Check
Check
Check

Check
END of Tempering

Cooling
END

Specimens 11 & 12

Table A.6 Tempering at 52%C

Temperature

Fix : 490°C

Rate : 78 °C/min

Display : 498°C

Tmin 1 486°C

Tmax: 498°C

Cycle duration : 4 min 29 sec
Display : 486°C (Re :ON)
Display : 495°C

Display : 498°C (MAX)

Tmin 1 486°C

Tmax: 498°C

Cycle duration : 5 min 11 sec
Fix : 490°C

Display : 49C°C

Temperature of bath: 513
Rate : 78 °C/min

Fix : 490°C

Display : 498°C

Temperature of bath: 51C
Fix = 495°C

Tmin 1 491°C

Tmax: 503°C

Cycle duration : 5 min 35 sec
Temperature of bath: 521
Fix : 495°C

Display : 503C

Temperature obath: 522C
Temperature of bath: 523

Fix : 495°C

Display : 497°C

Tmin 1 491°C

Tmax: 504°C

Cycle duration : 6 min 52 sec
Display : 494°C

Display : 504°C

Display : 491°C (Re : ON)
Fix : 495°C

Display : 50C°C
Temperature of bath: 525
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09:52

11:41
11:43

11:43

12:04

12:08

12:50

12:50

13:00

13:36

13:45

13:55

14:02

14:08
14:09
14:15

Tempering Temperature = 55

Procedure

The Furnace is ON

Check
Check

Cycle

Check

The specimens are
inserted
Check

Cycle

Check
Check
Check

Check

Check

END of Tempering
Cooling
END

Specimend 3 & 14

Table A.7 Tempering at 556C

Temperature

Fix : 520°C

Rate : 78 °C/min

Display : 52C°C

Display : 531°C

Tmin :517°C

Tmax: 529°C

Cycle duration : 6 min 58 sec
Fix : 520°C

Display : 518C

Temperature obath: 550C

Display : 519°C

Tmin :517°C

Tmax: 529°C

Cycle duration : 6 min 51 sec
Display : 527°C

Fix : 520°C

Fix : 520°C

Display : 524°C

Fix : 520°C

Display : 517°C (Re : ON)
Fix : 520°C

Display : 524°C

Fix : 520°C

Display : 529°C
Temperature of bath: 551
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Tempering Temperature = 58
Specimend5 & 16

Table A.8 Tempering at 588C

Procedure Temperature
Fix : 550°C
09:41 The Furnace is ON Display : 498°C
Rate : 78 °C/min
Fix : 550°C
10:01 Check Display : 548°C
Tmin : 546°C
10:09 Cycle Tmax: 553°C
Cycle duration : 2 min 20 sec
Fix : 550°C
s Check Display : 546°C (Re : ON)
, Display : 552°C
LS, G Temperature of bath: 566
Tmin : 546°C
10:47 Cycle Tmax: 557°C
Cycle duration : 3 min 20 sec
Fix : 550°C
12:02 Check Display : 547C
Temperature of bath: 569
. Fix : 560°C
12:02 New Fix- New Rate Rate - 89 °C/min
Tmin : 556°C
12:20 CyCIe Tmax: 567°C
Cycle duration : 4 min 12 sec
The specimens are F'.X : 560°C
12:40 inserted Display : 558C
Temperature of bath: 58D
Fix : 560°C
13:00 Check Display : 563C
Fix : 560°C
13:10 Check Display : 567°C
Tmin : 556°C
13:34 Cycle Tmax: 568°C
Cycle duration : 4 min 54 sec
Fix : 560°C
14:22 Check Display : 568°C
Fix : 560°C
14:33 Check Display : 567°C
Temperature of bath: 585
Fix : 560°C
14:43 END of Tempering Display : 564°C
Temperature of bath: 585
14:44 Cooling
14:52 END
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17:42

17:42

17:42

19:47

19:47

19:47
14:48
14:55

Tempering Temperature = 60T

Procedure

The Furnace is ON

The specimens are
inserted

Cycle

Cycle

Cycle

Check

END of Tempering
Cooling
END

Specimend7& 18

Table A.9 Tempering at 608C

Temperature

Fix : 580°C

Rate : 910°C/min

Fix : 580°C

Display : 582°C

Tmin : 576°C

Tmax: 586°C

Cycle duration : 5 min 12 sec
Tmin :412°C

Tmax: 425°C

Cycle duration : 5 min 20 sec
Tmin :412°C

Tmax: 425°C

Cycle duration : 5 min 15 sec
Fix : 580°C

Temperature of bath: 603
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Tempering Temperature = 63T
Specimens 18 20

Table A.10Tempering at 636C

Procedure Temperature
. . Fix : 650°C
09:34 The Furnace is ON Rate * 910 °C/min
Fix : 600°C

11:08 Open the dooir New Fix Temperature of bath: 657
11:12 Fix : 600°C
Close the door Display : 570°C
Fix : 600°C
Display : 607°C
Tmin : 596°C
11:23 Cycle Tmax: 607°C
Cycle duration : 4 min 37 sec
Fix : 610°C
11:52 Checki New Fix Display : 60C°C
Temperature of bath: 616G
Fix : 610°C
Display : 613C
Tmin : 606°C
12:03 Cycle Tmax: 616°C
Cycle duration : 3 min 31 sec
Fix : 610°C
Display : 616°C
Fix : 610°C
12:25 Check Display : 615°C
Temperature of bath: 622

11:23 Check

12:03 Check

12:17 Check

The specimens are

12:30 i
inserted

Fix : 610°C

LRV Check Display : 610°C
Tmin : 606°C

13:07 Cycle Tmax: 617°C
Cycle duration : 4 min 15 sec
Fix : 610°C

14:06 Check Display : 607°C
Fix : 610°C

14:24 Check Display : 608°C
Temperature of bath: 632

14:30 END of Tempering

14:31 Cooling

14:40 END
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09:44

09:52

09:57

10:13

10:22

10:35

11:28

12:10

12:30
13:50
13:35
14:20

15:00
15:25

15:44
16:07
16:20

16:26
16:31

ANNEX II

Experiment No 2 (Al Q1 CT (-130/20m)i T)

Tempering Temperature = 18

Procedure
Furnace is ON
CheckNew rate

Bath of 190°C is
inserted

Check

Cycle

New Fix

Check

Cycle

Checki New Fix

New Fix
Check

New Fixi Open door

Check

The specimens are

inserted
Check

Check

Check
Check
END of Tempering

Cooling
END

Specimens 21 & 22

Table A.11 Tempering at 18€C

Temperature

Fix : 120°C

Rate : 78 °C/min
Fix : 120°C
Display : 62C
Rate : 910°C/min

Fix : 120°C

Display : 133C

Tmin :118°C

Tmax: 137°C

Cycle duration : 11 min 33 sec
New Fix : 220°C

Display : 119°C

Fix : 220C

Display : 226°C

Tmin 1 217°C

Tmax: 234°C

Cycle duration : 8 min 29 sec
Display : 228°C
Temperature of bath: 290
New Fix : 200°C

Fix : 150°C

Fix : 150°C

Display : 187°C

Fix : 130°C

Fix : 130°C

Temperature of bath: 18D

Display : 15(°C

Fix : 130°C

Display : 143°C

Fix : 140°C

Display : 136°C

Display : 135°C

Display : 134°C
Temperaturef bath: 186C
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Tempering Temperature =% °C
Specimen®3 & 24

Table A.12 Tempering at 296C

Procedure

The Furnace is ON- The Fix : 290°C
09:21 bath salts for 19%C is Rate : 910°C/min

Temperature

inserted
Fix : 230°C
09:41 Check Display : 205°C
09:59 Check Display : 286°C
Tmin : 286°C
10:31 Cycle Tmax: 302°C
Cycle duration : 6 min 52 sec
Fix : 290°C
10:40 Check Display : 289°C
Temperature of bath: 27@
Tmin : 286°C
10:45 Cycle Tmax: 302°C
Cycle duration : 6 min 58 sec
10:57 Check Display : 294°C (Re : ON)
, Display : 291°C
LAy Check Temperature of bath: 38D
11:11 New fix T Open door  Fix : 270°C
Fix : 270°C
e Check Temperature of bath: 272
Tmin 1 267°C
12:08 Cycle Tmax: 284°C
Cycle duration : 11 min 7 sec
. Fix : 260°C
12:24 New Fix - Open Door Rate - 910 °C/min
12:30 Check Temperature of bath: 283
12: 30 Specimen are inserted
13:22 Check Display : 263C
Tmin : 257°C
CyC|e Tmax: 275°C
Cycle duration : 1in 59 sec
Fix : 260°C
13:56 Check Display : 266C
Tmin : 257PC
CyCIe Tmax: 275°C
Cycle duration : 18 min 3 sec
14:25 Check Temperature of bath: 290
14:30 END of Tempering
14:31 Cooling
14:36 END
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Tempering Temperature =7 °C
Specimen®5 & 26

Table A.13Tempering at 376C

Procedure Temperature
The bathing box of 290 Fix : 330°C
14:38 °Cisinserted inthe Rate : 910°C/min
furnace
15:08 Check Display : 329°C
Tmin : 326C
15:30 Cycle Tmax: 342°C
Cycle duration 5 min 38 sec
15:43 Check Display : 334°C
, . . Temperature of bath: 288
16:00 Checki New Fix New Eix : 340°C
Tmin : 336C
16:19 Cycle Tmax: 353°C
Cycle duration : 8 min 51 sec
Fix : 340°C
LEA G Temperature of bath: 355
16:45 The _specimerare
inserted
Tmin : 336C
17:21 Cycle Tmax: 353°C
Cycle duration : 11 min 55 sec
18:09 Check Display : 344°C
Tmin : 336C
CyCIe Tmax: 353°C
Cycle duration : 12 min 21 sec
18:40 Check Temperature of bath: 37G
18:45 END of Tempering
18:46 Cooling
18:54 END
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09:41

10:29

10:56

11:09

11:35

12:51

14:07
14:28
14:43

15:51
14:53

15:00

Tempering Temperature = 45T

Procedure

The Furnace is ON
Check

Check

Cycle

Check

Check

The specimen are
inserted
Check

Cycle

Check
END of Tempering
Cooling
END

Specimen®7 & 28

Table A.14 Tempering at 456C

Temperature

Fix : 410°C

Rate : 910°C/min

Display : 415°C
Temperature of bath: 362
Display : 412°C
Temperature of bath: 492
Tmin 1 407°C

Tmax: 421°C

Cycle duration : 5 min 54 sec
Fix : 410°C

Temperature of bath: 432
Fix : 410°C

Temperature of bath: 4456

Display : 412°C

Tmin :407°C

Tmax: 422°C

Cycle duration : 9 min 14 sec
Temperature of bath: 443
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15:05

15:32

15:51

16:20

16:53
17:17
17:41

18:07

18:36

19:21

19:35
19:41
19:42
19:45

Tempering Temperature 500°C

Procedure

The Furnace is ON

Check

Cycle

Check
Checki New Fix

Check
New Fix
Check

The specimen are
inserted
Check

Cycle

Cycle

Check
END of Tempering
Cooling
END

Specimens29& 30

Table A.15 Tempering at 508C

Temperature

Fix : 450°C

Rate : 910°C/min

Display : 46C0°C
Temperature of bath: 472
Tmin 1 447°C

Tmax: 461°C

Cycle duration : 7 mi5 sec
Temperature of bath: 48D
Temperature of bath: 481
New Fix : 460°C
Temperature of bath: 49D
Fix : 470°C

Temperature of bath: 500

Display : 480°C

Tmin :467°C

Tmax: 480°C

Cycle duration : 7 min 48 sec
Tmin 1 467°C

Tmax: 480°C

Cycle duration : 7 min 53 sec
Display : 501°C
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Tempering Temperature = 52%
Specimens1& 32

Table A.16 Tempering at 525C

Procedure Temperature
: Fix : 490°C
09:31 The Furnace is ON Rate : 910°C/min
10:15 Check Display : 49C°C
Tmin : 486°C
10:15 Cycle Tmax: 496°C
Cycleduration : 2 min 49 sec
_ " . Temperature of bath: 516G
12:09 Checki New Fix New Eix : 500°C
12:34 Check Temperature of bath: 531
Tmin 1 497°C
12:40 Cycle Tmax: 509°C
Cycle duration : 2 min 49 sec
Tmin : 486°C
CyCIe Tmax: 498°C
Cycle duration 5 min 30 sec
12:51 Check Temperature of bath: 522
The specimen are
inserted
14:03 Check Display : 500°C
Tmin 1 497°C
Cycle Tmax: 510°C
Cycle duration : 6 min 19 sec
14:45 Check Temperature of bath: 526
14:51 END of Tempering
14:52 Cooling
14:59 END

110



Tempering Temperature = 55
Specimens83& 34

Table A.17 Tempering at 556C

Procedure Temperature
: Fix : 520°C
09:27 The Furnace is ON Rate : 910°C/min
Fix : 520°C
10:46 Check Display : 518C
Temperaturef bath: 556C
Tmin :517°C
11:03 CyCIe Tmax: 528°C
Cycle duration : 4 min
11:16 Check Temperature of bath: 532
_ . : Temperature of bath: 540
12:01 Checki New Fix New Fix : 525°C
12:41 Check Temperature of bath: 548
12:42 The s_pecimens are
inserted
Tmin : 522°C
13:57 Cycle Tmax: 534°C
Cycle duration : 5 min 25 sec
14:38 Check Temperature of bath: 542
14:42 END of Tempering
14:43 Cooling
14:51 END
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Tempering Temperature = 58
Specimens5& 36

Table A.18 Temperingat 580°C

Procedure Temperature
: Fix : 550°C
09:30 The Furnace is ON Rate * 910 °C/min
Fix : 550°C
10:30 Check Display : 555°C
10:49 Check Display : 574C
Tmin : 546°C
CyCIe Tmax: 557°C
Cycle duration : 3 min 20 sec
Fix : 550°C
tHe CInze s Temperature of bath: 57@
Tmin : 547°C
11:28 Cycle Tmax: 558°C
Cycle duration : 4 min 3 sec
11:56 Check Temperature of bath: 572
The specimens are
inserted
Tmin : 552°C
13:02 CyCIe Tmax: 563°C
Cycle duration : 4 min 47 sec
Tmin : 552°C
13:32 Cycle Tmax: 563°C
Cycle duration : 4 min 57 sec
Fix : 560°C
LA Clnse s Temperature of bath: 57@
13:56 END of Tempering
13:57 Cooling
14:01 END
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14:03

15:09

17:00

17:04

17:09
17:10

17:15

Tempering Temperature = 60T

Procedure

The Furnace is ON
The specimens are
inserted

Cycle

Check

END of Tempering
Cooling
END

Specimens7 & 38

Table A.19 Tempering at 608C

Temperature

Fix : 580°C

Rate : 910°C/min

Fix : 580°C

Temperature of bath: 602
Tmin : 576°C

Tmax: 587°C

Cycle duration : 5 min 12 sec
Fix : 580°C

Temperature of bath: 602
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Tempering Temperature = 63T
Specimens9 & 40

Table A.20 Tempering at 636C

Procedure Temperature
. . Fix : 600°C
11:39 The Furnace is ON Rate * 910 °C/min
. Fix : 600°C
LAt Check Display : 60C°C
Tmin : 596°C
Cycle Tmax: 604°C
Cycle duration : 2 min 5 sec
. Fix : 600°C
= Check Temperature of bath: 6@
Tmin : 596°C
13:39 Cycle Tmax: 606°C
Cycle duration : 3 min 28 sec
, . . Temperature of bath: 618
13:44 Checki New Fix New Eix : 605°C
, Fix : 605°C
1ada Check Display : 604°C
Tmin : 601°C
CyCIe Tmax: 611°C
Cycle duration : 4 min 2 sec
, Fix : 605°C
—— CInze s Temperature of bath: 626
14-27 The specimens are
inserted
, Fix : 605°C
DAL e Display : 607°C
Tmin : 601°C
16:11 Cycle Tmax: 612°C
Cycle duration : 4 min 27 sec
Tmin : 601°C
Cycle Tmax: 612°C
Cycle duration : 4 min 26 sec
. Fix : 610°C
et Check Temperature of bath: 626
16:27 END of Tempering
16:28 Cooling
16:33 END
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