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Sommario

Questo lavoro di tesi aveva come obiettivo la caratterizzazione meccanica e il confronto tra diversi tipi di
acciaio, in particolare sono stati analizzati due acciai per impiego strutturale e quattro acciai automatici. Le
prove meccaniche effettuate somatas scelte per ottenere le principali caratteristiche di resistenza meccanica,
mentre le analisi chimiche e metallografiche sono servite per comprendimuectamposizione eslstruttue
presenti. E quindi stato possibile confrontare i risultati otteshai dfferenti materiali egli effetti portati

dal | 6 a getemanthchimicindcessari per conferire attitudini tecnologiche completamente diverse

Parole chiave acciai da costruzione; acciai automatici; caratterioo@&meccanica.

Abstract

This thesis work had as objective the mechanical characterization and the comparisen Heterent kind

of steels, in particular two structural steels and four-étgting steels have been analysed. The mechanical
tests performed have been chosen in order to retrieve the principal mechanical properties, while the chemical
and metallographi analysis allowed to understand their effective composition and which structures were
present. At the end, it was possible to compare the results obtained from different material and she effect
derived from the addition of chemical elertgrthat have tprovide to these materials completely different

technological attitudes.

Keywords: structural steels; freeutting steels; mechanical characterization.






1 Chapter 1

1.1 Steel metallurgy mentions

Steel is an iron alloy containing carbon till a concentration in weight equal to 2,11%, ovedukisfcarbon
concentration the allotakes the name otastiron.

The knowledge of the metallurgical structure that characterizes each type of steel takes a very important role
in the designing phaskeading to the choice of the most appropriate mateisd, consideringll the possible

thermal treatmentthat carbe used to enhance its characteristics. For this reason, it is appropriate to start with

a recap of metallurgical mentions about this alloy.

In the FeC diagram the equilibrium structures of the iron carbon aleyrepresentedor our purposethe
attentioncan be focusedn the alloys in which the carbon concentratietongs to the range that goes from
0,008% to 2,11% in weight.

Before entering in detaih differentiation among phase astductural constituent must be donee first one
is referred to thermodynamics or equilibrium conditions, while the second one is referred to the structure and

the characteristics of the alloy.
Looking at the diagram the phases that are present are:

liquid phase;

Uphasgstable till 912°C);
o-phasg(stable from 912°C till 1394°C);
U-phasg(stable from 1349°C till 1538°C);
FeC.

=A =4 =4 =4 =

Instead the structural constituents are:

Ferrite, that is a solid solution of carbon in tBéron (homogeneous grains bfphase)
Austenite, that is a solid solution of carbon in 3kieon (homogeneous grains ofphase);
U-ferrite, that is a solid solution of carbon in tiiéron (homogeneous grains Gfphase);
Cementitethat corresponds to the alloydEewith a carbon concemttion of 6,69% in weight;

Perlite, that is the eutdoid ferrite-cementite;

=A =4 =4 4 4 =4

Ledeburite, that is the eutectic austegenentite
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Figure 1l - Fe-C diagram

Looking at the diagrarsteels can be divided respect to the carbon content present in the Gdoyg:

1 hypoeutectoid stee(#®\), with a carbon content between 0,022% and 0,77%;
1 eutectoid steg[B), with a carbon content equal to 0,77%;

1 hypereutectoid stee(€), with acarbon content higher th@n77% (lower than 2,11%).

In order to understand the differences among these three types, the structure that they present at ambient
temperaturenust be considered o do thal e seé what happerio each of these alloys during the cooling

from liquid to ambient temperature.

It can be seen that for every steel thisra temperature in which onlyphases present, so the part of the
diagram above this poirtan be neglectedn which the liquidsolidifies and the obtained solid structure
changesuntil it is constituted only by austenite. Furthermditrés betterto startanalysingthe eutectoid steel

in orderto better understand what happens for the others.
1.1.1 Eutectoid steel structure

Consideringa carbon content equal to 0,7 feansdealing with the eutectoid alloy, this ifigs that after
complete solidificationthe structure is constitutaxhly by homogeneous grains ofphase dustenitg up to

an infinitesimal of degree above the eutectoiperature (727°C)Cooling down the alloy, the structure
undergoesisolid-statetransformation and from an infinitesimal of degree under the eutectoid tempeaiiture,

theaustenite transforms into lamellar ggithis structual constituentakes the rmae of pearlite



Pearliteis formed by lamellagrainsof Uphasdamellaealternated with lamellae of B@ organized in different
direction in each grain. This configuration guarantaesSigher strength of the structure in respect to

homogeneous gnai
1.1.2 Hypoeutectoid steslstructure

Dealing with a steetharacterized by aarbon content lower than 0,77% ttieusture obtained aambient
temperature is slightly different due to the excess in iron content in respect to the eutectoldhalkarting

point isagain a structure completely formeg dustenite but in thiscase it mustreduce the content of iron
present in the-phase in order to reach the same concentration present in the eutectoid alloy. This is done by
the segregation of homogeneous grainsUghase, rich in iron, at the grain boundaries, obtairsag
homogeneous grains ofphase surroundedaly homogeneous grains bfphase. The segregation goes on till

an infinitesimal of degree above the eutectic temperature, theolittstatetransformation takes place and,

from an infinitesimal of degree under this temperature, the structure is conigopedrlite surrounded by
ferrite. As said befar, lamellar grains are stronger than homogeneous grains, for this reason hypoeutectoid

steels are naostrongand therefoeasier to be machined.
1.1.3 Hypoeutectoid steels structure

In this latter case, with a carbon content higher than 0,77%, there is an excess of carbon in respect to the
eutectoid alloy, so during the cooling the austenitestsegregate plates of #&& that is the phase rich in

carbon, at the graiboundariesThe segregation goes on till an infinitesimal of degree above the eutectic
temperature, then the solitiate transformation takes place and, from an infinitesimal of degree under this
temperature, the structure is composed by pearlite surrdirydsementite. This structure can seem similar to

the previous one, but it i snodt . In fact, we are n
fine plates rich in carbon that are very hard. This is the reasomWigher carbon conteftads to a higher

strength of the steel.

PRRSOAS. N
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Figure 2 - a) pearlite 800x; b) parlite & ferrite 500x; ¢) pearlite & cementite 500x.



As said before, steel is an alloy between iron and carbon, buteattioéthe production procesther chemical

elemens are generally preserhat could be intentionally added thrat are notasily removablefrom the

steel. These elements have different effects on the phase diagram in relation to their concentration in the alloy.
There are some elements, likgd, MN;C;N and Cu, t hat C a u sphasdfibld reducing a r g e
that ofU-phase. Onhe contray, other elementkke Cr; Mo; V; Si; B; Al; Pand Ti,tedt o e n | aphagee t he
field,r e d u c i -phase bne.aNittba concentration of an element greater than the 12%, the diagram could

become very different from the original one.

Usually sane of these chemical elements can be added in order to enhance some properties of the steel, but
there are also elements that are considered as pollutants due to their negative effects on the steel properties
such asS; P; O; H andN;

1.2 Steeldesignation

There are a lot of podde methods to classify all the existing types of steel present on the market, following

the standartUNI EN 10027 we can divide them in two macro groups

1.2.1 Category 1

In the first group, steelare classifiedon thebase of theipurpose ofuse and their mechanical or physical
characteristicsThis designation is composed by a letter that indicates the type of steel and a number indicating
a property, then cahe eventuallypresentother lettersor numbers that aresad in ordetto specify other
characteristics of the material. Usually these materials are used without applying any particular thermal
treatment and for static or quastatic applicationsThey are characterized by a carbon concentration around
0,120,18% in mass and generally do not contain other alloying elements, however usually Mn is added in

order to improve the toughness.

Tablel - Designation for steels of the first graup

Category 1

Application symbol Mechanicabproperty Additional indications
S (structural steel) Minimum yield strength N (normalsed)
P (deel for pressure lines ar C (cold workeg

Is) Q (quenched)
MESC . JR (toughness >27J at 20°C)
L (steel for pipe and tube) JO (toughness >27J at 0°C)
E (engineering steel) J2 (toughness >27J &0°C)
B (steel for reinforcedoncrete) ?g %g‘dgm:z ngj gz é‘;c’c)
R (ste_el for rall_use) Minimum UTS K2 (toughness >40J at 20°C)
H (high tensile strength flg LR (toughness >60J at 20°C)
products) LO (toughness >60J at 0°C)
D (flat product for cold forming L2 (toughness >60J at 20°C)
T (tin-mill products)
M (magnetic steel)




1.2.2 Category 2

In the second group, steels are classified on the base ofctieitical compositiorand divided in four
subgroupscarbon steeldpw-alloyed steels, alloyed steels and rapid steels.

Carbon steels are characterised by a content of Mn <1%, they are indicated by the letter C (carbon) followed
by the carbon content myitied by 100 €.g. C40, contains 0.4 carbgn

Steels of the second subgroup are featured by a content of Mn >1% and aafdhiother elements lower

than 5%. They are indicated by a number that represents the carlertradion multiplied by 100Qfollowed

by thesymbols of the principal alloying elements and numbers that divided by proper factors will return their
realconcentratiore.g. 30NiCrMo42).

Table2 - Characteristic factors folow-alloyed steks.

Chemical element Factor
Cr, Co, Mn, Ni, Si, W 4
Al, Be, Cu, Mo, Nb, Pb, Ta, Ti, V, Zr 10
Ce,N,P,S 100
B 1000

The alloyed steels contain at least one alloying elements with a concentration higher.thhaibélesignation
starts with X followed by the carbon content multiplied by 100, then there are the symbols of the principal

alloying elements followed by numbers that indicate theirgeatentration (e.g. X5CrNi18)0

The last subgroupontains thosateels that will undergepecific thermal treatment before being used, this
allows to improve their properties thanks to the presence of the alloying elementseShygiatiorstarts with

HS (high speed)ollowed by numbers that indicate the conceidrabf the alloyed elements in this order: W;
Mo; V and Co (e.g. HS18-1).






2 Chapter 2

This work concerns the mechanical characterization of different steel gtiaaespuld be dividedh two
groups considering their designation.

2.1 Materials under study

In particularthereare two structural steels (S235JR; S35%d@i fourfree-cuttingsteels (11SMn30; 11SMn37;
11SMnPb30 and 11SMnPb37).

2.1.1 Structural steels

These materials are generally used for static application, when partatacteristicarenot requirecand
the most important property is the strength of the steel. From the desigs@mtiemechanical properties of

the materiatan bedirectly retrieved and then verifiedith different tests.

1 S235JR: structural steel characterized by a minimietd strength of 2381Pa and a minimum
toughness of 24 at room temperature;

9 S355J2: structural steel characterized by a minimum yield strength of 355 MPa and a minimum
toughness of 27 J &0°C.

Considering that in these steels the presence of ajjatements is very low, the difference betweerir the
properties is primary due to the carbon concentration. We will see how the carbon content affects the results

of the tests.
2.1.2 Freecuttingsteels

While the first two were alloys of mainly iron and carbthrese materials are featured by the presence of other
elements added in order to modify the behaviour of the steel during the manufacturing prodesses
designation allows to see that they are-kleyed steels, so with some alloying elements, but eatiem

with a concentration lower than the 5% in mass.

1 11SMn30: lowalloyed steel with 0,11% in mass of C, 0,3% in mass of S and Mn;

I 11SMn37: lowalloyed steel with 0,11% in mass of C, 0,37% in mass of S and Mn;

1 11SMnPb30: lowalloyed steel witld,11% in mass of C, 0,3% in mass of S, Mn and Pb;

1 11SMnPb37: lowalloyed steel with 0,11% in mass of C, 0,37% in mass of S, Mn and Pb.

All these steels are featured by the addition of sulphur anditesed they aremore or less the same material
charaterized by fairly different contents of these elements. The aim of our tests will be also to verify the

effects, if any, of such different concentrations.

S and Pb are both added with thaposeof increasinghe machinability of the steel and so to alltwgher

cutting speedrreecuttingsteels are indeed mainly used to produce small metal parts, likeusellsin mass



production fields like automobile industry and household appliala®gasinghe cuttingspeedit is possible

to reduce the produon time maintaining low theost, that is an important factor for those small metal parts.

Lead is added to the steel because it doesndt t a
absolving thanks to its low melting poing lubricatirg action on the tool during machining operations

allowing higher cutting speeds.

e
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Figure 3 - Backscattered SEM image of 11SMnPb30

In the figure the lighter parts indicate the presence of lead in the matiéri@n beseen that it is easily
distinguishable from the metal matrix that appears with an almost homogeneous grey colour

Generally,sulphur isconsidered aa detrimentalelementdue to he embrittlement caused by its presence in

the steel, so during the steelmaking it is removed as much as pddeilbezer, for the purpose bee-cutting

steels the presence of sulphur is important, because it forms manganese sulphides at the ghameboun
These inclusions are very brittle in respect to the steel grains and during machining operations are useful for
the chip breakage. Reduction of the chipbds | ength

to a lower consumptioaf the tool and possible higher cutting speed.

In order to obtain the proper content of sulphur and the desired effect on the material the procedure is a little
bit complicated in respect to that of ledthe presence of sulphur in the metal bath at the beginning of a
steelmaking process is due to its presence in the used raw materials. Its concentration is very high dealing with
iron-ores and coke, so in case of a process that involves a blast furnaceeaders, while it is lower when

steel scraps are used, so in case of a process that involves an electric arc furnace. In any case the sulphu
contentmustbe kept under controthis harmful elementhasto be removel from the liquefiedmetaland in

ca of freecutting steels, it must be-addedto the steel batht the end of the steelmaking process in order

10



to ensureits correct concentration and to be sure that it would form manganese sulphides atmer

unwantedccompounds.

2.2 Chemical analysis

Before starting with any testhemical analysitias to be performenh order to be sure that the provided

materials respect their designation in terms of chemical species and their concentrations.

To dothat a quantometer &s used, that is an instrument alto recognize and quantify the presence of
chemical elements ingpecimen of the alloy under study exploiting the optical emission of the material.

Materialswere provided ircold drawrb a r s

from

AnTr e

Val l

Acci ai

ical .

concentrations are reported by EN 1027038 for structural steels and by EN 10237@8 for free-cutting

steels.
Table3 - Chemical compositian
Material | Designation| % C | % Si % Mn % P %S % Cu % Pb
S235JR | 0,102 | 0,0236| 0,60 0,012 | 0,0068 | 0,32 -
EO—— Reference | O 0, - 01,4 < 0,04 < 0,04 00,55 =
e S355J2 | 0,19 | 017 | 1,50 0,010 | 0,018 | 0,12 -
Reference | 00,20 | <0,55| 01,60 | <0,030| <0,030 | 00,55 -
11SMn30 | 0,065 | 0,036 | 1,31 0,062 0,22 - -
Reference | 00,14 | <0,05| 0,9-1,3 | <0,11 | 0,27i 0,33| - -
11SMn37 | 0,081 | 0,0070| 1,62 0,072 0,29 - -
Free Reference | 00,14 | <0,05| 1-15 | <0,11 | 0,34i 0,40| - -
Cuting | 11sMnpPb30| 0,084 | 0,0050| 1,34 | 0057 0,23 - 0,25
steels
Reference | 00,14 | <0,05| 0,9-1,3 | <0,11 | 0,27i 0,33| - | 0,2-0,35
11SMnPb37| 0,085 | 0,016 | 2,14 0,061 0,3 - 0,29
Reference | 00,14 | <0,05| 1-1,5 | <0,11 | 0,34i 0,40| - | 0,2-0,35

11
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Chemical analysiseturnsthat for thefree-cutting steels the quantity of manganese exceedsniteeval
recommendedby thestandard, it is a little bit higher than the maximum limit for each material apart for the

|l ast one in which we have a very higbawaysalitdowdrr at i
than the minimum recommended by the standard. These concentrations could derive from a choice and a
consolidated method of this steelmaker that allows to have in any case the characteristic befrefriesr
cuttingsteel during madhing operations, but with lower general brittleness duever presence of sulphur

and higher toughness dteea higherconcentration of manganede.fact, when the required concentration of

S ishigher, the difference between the actual quantity of Mn and the required one increases.

However, these differences from the standards in the chemical composition can be accepted due to the fact
that manganessulphides are present, giving anyway their contributioing machining operations and the
increased quantity of Mwill not affect negatively the mechanical properties the contrary it will return an

higher toughnesthat will compensate the embrittlement caused by the presence of sulphur

2.3 Metallographic analysis

After the chemical analysis, also metallographic analysi®donein order to detect the structures present in

the materials, so testing the correct state after the production process.

All the materialsvere provided in bars &sld drawn so wihoutundergoingany thermal treatmeuixactly as

they aregenerally used in order to make an analysis on samples that are as much as possible similar to the
pieces that are industrially usé&hrs were cut ismall disksand for all of them the analysis svdone for both

the longitudinal and the orthogonal plane in respect tdridnsing direction.These disks were incorporated in

a resin cylindeof 40 mm in diameteto be easily handled during the polishing of the surface. Polishing is a
mandatory operatn for metallographic analysis because it allows to remove all the superficial defects. To see
the metallographic structure of the material it is needed a planar surface without scratches or indentation that
are for sure provided during cutting operatiofws, this purposea sequence of abrasiyaperswas used
decreasing gradually the dimension of the abrasive partistgs/een one paper and the successive one the
orientation of the sample must be changed in order to recognise with an mjaticeicope the scratches made
during polishing and their direction, so assuring that with the finer abrasive the scratches made by the previous
paper were completely removed. This is the sequence of papers used for this purpose, graded using the numbel
of holes present in a linear inch for the sieve used to sort the abrasive pdr#iles30; 320;800; 1200; 2500.

After the abrasive papers, the samples were polished using a sytithtetim whichanabrasive in suspension
with a particle size ofpmwas appliedThis allonedto obtain a mirror finish that assudréhat the surfaceas

completely free of defects.

12



Figure 4 - Metallographic specimens before (left) and afteglit) polishing

To be able to see the metallographic structure this isenough before looking atthe sample on the
microscopeit has to undergo a chemical etching that altmwdistinguish the different structurampounds.
It hasbeendone with a solution of alcoh@®8%) and nitric acid(2%), that is able to oxidize the peatrlite

making it recognizable from the ferrite.

Figure5 - S355J2 longitudinal 500X Figure 6 - S355J2 transversalt®X.

Both the structurasteels present the same structure composed by ferrite (white grains) and p@adke (
lamellar grain¥ the only difference between the two materialsiheheratio of these structural components
that could be obtainddoking atthe FeC diagram In fact, the S235JR presents a higagount of ferrite and

a lower amount of pearlite in respect to the S355J2 due to the lower carbon content present in the alloy

13
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Figure 7 - 11SMn30 longitudinal 500X Figure 8 - 11SMn37 transversal BX

All the materials under study are hypoeutectoid steels, so also thruftieg steels are mainly composed of
ferrite (white grains) and pearlite (black lamellar grains), wiinganessulphides as inclusions that can be

seen as grey compounds, elongated in the longitudinal direction and almost circular in the transversal one.

i 50 }nﬁ

Figure 9 - 11SmnPb37 longitudinal 500X Figure 10 - 11SMnPb37 transversal 500X

The freecutting steels with the addition of lead present this element as scattered points all over the surface,
but they are hardly detectable by metallographic imaitjés,easier to seehém thanks to a backscattered
acquisition with a scanning electron microscope or SEM (figure 3).

Due to the deformations applied durimlgawing operations, thestructure of eachmaterial presenta
preferenti al di rxis teatireovisibleir tleehoggitudihaksechion.r 6 s a

14



Figure11- S235JR transversal 50X Figure12- S235JR transversal 100X

From the images taken at lower magnification it can be noticed that the deformations appliec¢aldring

drawingoperations altered the structure orientation also in the transversal section of the bar.

In appendix A it is possible to see a series of ragedphic pics, in order to compare directly the different
steel grades analysed.

15
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3 Chapter 3

Investigation methods for the identification of mechanical properties are of primary importance for the
mechanical characterization of a material not only frbendcientific point of view, but also considering all

the checks and inspections needed for its applicatibngse methods are divided in two growgzsily

di stinguishable that aredéebstertdesveacbobnegseo tests

As the name say#he tests belonging to the first group are based on the destruction of a sample made by the
material under examination, the breakage of this sample is needed in order to obtain a value for a specific
mechanical property, the neopture of the specimen @nsidered as a fail for the test. In order to obtain
comparable resultshese tests must be done following standard prescriptions that provide all the conditions
under which the test has to be executed, considering also the characteristics of all theviess and the

characteristics of the sample.

For what ¢ ondceesrtnrsu ctthiev efdn ome t iseddirectly oh theefinal @mpnent ;mu a | |
order to verifyif the production procesw a specific treatmerttas been successfilhese tests arnot only
used to calculate some mechanical properties related to the material, but also to detect internal or very small

defects that should affect the resistance of the piece.

During this characterization some investigation methods were used for alathgals under study in order
to obtain an almost complete overview of the behaviour and capabilitiees#f steel grades under different

points of view.
Destructive methods:

91 tensile test;
1 Charpy pendulum impact test

1 rotating bendindatigue test.
Non-destructive methods:

9 Vickers hardness test.
3.1 Fracture analysis

Before analysingin depththe different methods, it is important to understand how the different materials
behave during these tests and what is possible to dduksides thprovided numerical result®oking at the

specimen after itsreakage.

Fracture is that phenomenon caused by a too high load sustained by the piece in respect to its resistance in tha
condition and consists macroscopically in the separation in tweoar straps. It results from the rupture of
the bonds present between the atoms, that constitute the structure of the material, due to the energy provided

by the external load applied to the specimen.

17



In mechanical applications there are many differentsygddoad at which a component can be subjected to,
they can differ in terms of action applied to the pjdike in case of tensile loads rather than torsional loads,

or in terms of speed of application like in case of stationary loads rathaaltbarded loads oimpacts.

Different loadsapplied to the same pieoan cause different fracture modalithe result depends on the
behaviour of the material structure when it is subjected to such excitGtimts can exploit two different kind
of fracturemodalities: ductile fracture and brittle fracture gieneralthe specimen can present both the two

types of fracture at the same time according to the applied loads.

3.1.1 Ductile fracture

This type of failure isdatured byplastic deformations of theomponent before the complete breakabat

are the macroscopi ¢ r e s atiitrosoopidevelhités amindexlofthighatdaughoessd s m
of the material because ig characterized bw high absorption of energy from the component befits
breakage. The plastic deformati on dallureghisscantbmanh av e
important factor in several occasions in order to avoid dangerous accident that could involve operators or other
people.

Figure 13 - Ductile fracture failure mechanism

In the figure it can be seen the ductile behaviour of the specimen at whimhoaxialtensile load is applied.

The initial deformation lays in the elastic region, it means that the applied load isextd &dbéak the links

between the atoms and so to move the dislocation inside the stridiigeleformation is called elastitie

to the capability of the material to recovemihen the load is removedhcreasing the loadlislocation$

moveament startscausing plastic irreversible deformations that bring to the first stage of the failure consisting

in the necking of the section. DislocatiGnmovement stops in correspondence of microstructural
discontinuitiesand their grouping causenicro voids in thametallic structure. When these voids increase in
number and dimensions, they coarse in a real tear in the specimen that would decrease its resistant area. The
load exerted on the remaining material surrounding this tear increase again ledggiegiEgement till the

complete shearing that takes place along a plane inclined by 45° in respect to the loading direction.
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Figure 14 - Ductile fracture surface 190X
I n the I mage ar ethavarehe chdraeteristib feature dfia nyctiledractire. Dimples are the
almost circulamicrovoids that appear on the surface in consequence of the tearing of the material. The shape
depends on the deformation direction, it is symmetrical when the méti@walonly in the direction in which

the load is applied.
3.1.2 Brittle fracture

On the other side there is the brifilacture thatoccurswithout any macroscopic deformatidn fact in case
of brittle failure it would be possibletdbr econstruct ¢ the specimen simpl
kind of failure occurs when the dislocatiéGmsovement is prevented, it could be due to fat@pending on

the microstructure of the aerial, but also to the conditions under which the load is applied.
There are two types of brittle fracture in the microscopic field: fgrasular and intergranular.

Macroscopicallythe brittle fractures appear tsame butlooking & the grain structure it can be possible to

distinguish them.

Figure 15 - Transgranular fracture 1000X Figure 16 - Intergranular fracture 1030X
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From the twaics above it can be seen the difference between the two kind of brittle fracture. The intergranular
one presesta welkdefined grain delimitation due to the fact that the crpabpagate along the grain
boundary, while in the trargranular fracture thecrack propagation happens into the grain along a
metallographic plane till reaching the grédboundary and then in the next grain following its microstinre

along another metallographic plain.

S _i %ﬂﬂ N ff'f%? ‘Wf{

Figure 17 - Crack propagation irtrans-granular fracture Figure 18 - Crack propagation in intergranular fracture

The intergranular fracture is typical of materials subjected to embrittlement phenomenon that tends to decrease
the resistance of the atomic bondscorrespondence of the grain boundary, that in general is the part of the
microstructure with the highesirigding energy and so where it is more difficult to have crack propagation.

Figure 19 - Intergranular fracture appeance

For this reason it is not so common to have intergranular fractiuego the fact that something has ¢ouw
to the piece in order to reduce the resistance of the bond between grains, as in case of chemical etching, but

this could be not sufficient if the produced def e
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Figure 20 - Brittle failure of a component

As said beforgbrittle failure happens suddenly, without any macroscopic deformation, precisely the crack
propagation happens at the velocity of sound in the same material. On the piece dhsseryesd the initiation

point of crack propagation, one or more. This is due to the fact that cracks start from defects or discontinuities
both of the material and of the component and then propagate. The dimension of the defect or the type of
discontinuity able to become an iattion point for a crack depends on thent of the applied stresses. With
higher stresses the minimum critical dimension for a defect decreases and every little discontinuity in the piece

or in the microstructure can laid to a brittle failure.

Besides th characteristics of the material that could make it brittle, also the conditions under which the load
is applied have an important role, two conditions in particular are considered: temperature and speed of

application.

The temperature at which the load is applied to the sample, like that at whicimthenent is normally used,

can change the behaviour of the material. In fact, it could be that testing a material at room temperature with a
certain load result in a dudilfracture and testing the same material with the same load but at a lower
temperature it results in a brittle fracture. This is due to the fact that at low temperatures the dislocations
movement is prevented arab said beforgorittle fractures happem ithis situation. The level of temperature

at which a material starts to behave in a brittle way depends on the material itself.

The speed of application of the load acts in the same way of the temperature, enalpiogetiment of the
dislocations. In rdiy, in this case the dislocations movements are not prevented, but when the speed of
application is very high, like in case of an impact, the speed at which dislocations move is negligible and it is

as if they were blocked.
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3.2 Tensile test

This is one othe most important and so one of the most used, iest done in order to evaluate different
characteristics of a material, as strength, deformability and elasticity. The related standard is the UNI EN ISO
68921.

Results obtained from the tensile teah be used to evaluate the state of the material under study and are
commonly used during designing phase of a component as in the feasibility eoaly$echnological process
or as well during activities of fAFailure Analysis

The test consists in¢happlication of a quastatic monoaxial tensile load to a specimen increasing its value
until the complete breakage. The specimmerstrespect exactly the standard in termg@dmetrydimensions

and surface finish in order to obtainiform and compatae results.
3.2.1 Test machine

It is constituted by a fixed structure and a moving part. The fixed structure is composed ofravidaisé
takes place the control system, then there are the fixed traverse beam and two columns thguals & a

the moving part. The other traverse beam constitutes the moving part of the machine, it movées dbomg t
columns.The motioncan be generated by an electric motor thasin rotation the two columns and thanks

to ballscrew connectionis alde to shift the mobile traverser by hydraulic actuators acting directly on the
mobile traverse. Each traverse is equipped with jaasdllowto handle the samplguring the application of

the load. To measure the applied lpadoad cell is placed iseries to the specimen and to measure the
elongation an extensometerapplied tothe sample during the test, although the machine itself is equipped

with a system that control the displacement of thgingpcrosshead

Upper jaw seat L0oad cel

Upper beam l

Lead screw

Lower jaw seat

Working table

Qil cylinder
iz \.

Piston

Column
i ®, Lower beam L
& ) L=
- e
=
l Button box =
T = ]
e

=L =
H_ Retaining nut {(g
= =
\b Base cover plate -
+._Base Figure 22 - Control devices for a tensile test

Figure 21 - Schematic of a tensile test machine
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3.2.2 Specimens

As said in advancgpecimens must respect standards imposed ByNh&N 1ISO 68921, this allow to carry

out the test every time in similar conditions and so to obtain results that are comparable between several tests
but also between different materials. Usually the spewgiia circular, but in case of plates or flat products in
general there is also the possibility to use a rectangular sample. In any case the sample is usually characterisec
by two wider sections at the ends, that are the parts that will be insertedawsh&he central section has a

thinner constant secti@andthe transition pastbetween the sections mumt as gradual as possible. All these
features are studied and applied in order to assure that the breakage occurs in the central part of the specime
In fact, in case of very small specimen, where also the force applied by the jaws could alter the obtained results,
particular grips are used coupled with specimens that present threaded endings.
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Figure 23 - Circular specimerfor tensile test Figure 24 - Rectangular specimen for tensile test

The fundamental characteristic for these specimens is the legitithtican be calculated using the following

formula:

0 Q%Y
Lois called fAoriginal gauge | engtho and it is wuse
whileSi s t he HfAesreicgtiinoanla lc raorsesa 0 .o fii Ktoh @ sp aar alolneslt alng n gti |

as for the relation between and L, because it depends on the considered type of sample.

The original gauge length is of great importance because in order to retain valid the test, the fracture has to
occur within this section of the speciméris also the section at whose ends to be applied the extensometer,
for these reasons its length and its position are very important. Before the teshdrked with a pen and

divided in intervals of 8.0 mm that are used to evaluate the elongation at the end of the test.
3.2.3 Analysis offte tensile test

The result provided from this test is the streain curve, obtained coupling data registered by the load cell
and the extensometer. The shape of the curve depends on the tested mateiigiptssible talivide it in:

elastic defomations region; plastic deformations region; necking and breaking.
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Stress-Strain Curve
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Figure 25 - Stressstrain curve

In the first part the slope of the curve is constiimtvalueis given by the elastic modulus E of the material, in
fact this interval represents the elastic behaviour of the mateléak the deformationare considered
reversible, so removing the applied load the specimen will return to its initial lengthlitin, tea deformation

to which the microstructure is subjected in this region are not comptetadysible butire evaluated with a

maximum value equal to the 0,001% of the initial length, so are considered negligible.
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Figure 26 - Force-elongation diagram

This behaviour takes place till the limit proportional loag éxceeding this value the speed of deformation
starts to increase in respect to the speed of application of the load, leadingdgersible desrmations. This

is the elastigplastic region where the curve is no more lirfa#trremoving the load the length of the specimen
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will return almost to its initial valuel'he elastic plastic region continues till the higher yield strength value F

but fromthe elastic limit value [Fthe curve starts to depart a lot from the linear behaviour. Yielding is that
phenomenon in which the material undergoes through a deformation keeping constant the applied load. In the
graph it is clearly detectabli¢ starts vith the decreasing of the load due to a sudden deformation and goes on
with a fAplateauo ab o usnNbtatltheematerale grasentyaisail-dedirnedyigldinga | u e
area, in those cases there is a method used to calculate the yielding stressngidieeing the value of stress

that imply a deformation of the 0,2% callegh/Rthis method is also used in case of brittle materials
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/ Frocture
! siress
II
/ . ' Strain, ¢
Conventional stroin e [ ] [———]
Figure 27 - Reo2 method Figure 28 - Brittle vs ductile materia

Continuing from Ik the curve presents an increasing of the load, this is due to the strain hardening phenomenon
due to the grouping of the thisation within the crystallographic structure that reduces their mobility. The
applied load increasdill the maximum value & correspondingconsidering the nominal section of the
sampleto the ultimate tensile stress Uir&he stresstrain diagramFrom this point the necking phenomenon

takes placahat bringthe sample to the complete fracture. It consistsistkdderr e duct i on of t he
transversal section a specific point and no more along all the length of the specimen. The point inthéhich
neckinghappens is random, but fomaell-donetest it must belong to the central section of the saniple

breaking load F corresponds to the ultimate load walapplied to the sample before its breakage, the
correspondent stressyRs calculated considering thaiginal sectionS and not that onsubjected to the
necking phenomenon, for this reason the last part of the curve has a descendant parabolio peafity,

using theeffective sectiont he applied stress tends to increase,

preferredfor designing purposdsr sdety reasons
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Figure 29 - True (red) vs engineeringplack) curve
3.2.4 Tensile test resulting properties
As said before, there are many properties of engineering interest that could be retrieved from this test:

9 Elastic modulus EMPa]
It can be calculated from the elastie gi on of the curve using the

, — with O 0OA ©O -

1 Yielding strengthlly or Reo2[MPa]

” - ; 'Y -
f Ultimate tensile strengthurs or Ry [MPa]
0
” nY
1 Elongation at break A
. 0 0
ob — Pprm
0
1 Necking coefficient Z
. YOy
ob "Y nm

(where 0 means the initial condition and F the final one, after the break)

26



3.3 Charpy pendulum impact test

This test is very important for designing purposesausét returns an index of the toughness of the material
Toughness is the attitude of a material to absorb emvelngy subjected to impulsive loads like in case of an

impact.

This test follows the stmlard UNI EN 1SO1481 for what concerns the machine and the specimen

characteristics, the obtained numerical result corresponds to the energy dissipated by the sample during the

impact. This value is comparable only with other samples of the same maéteoialer to see when it has a
brittle or ductile behavioudependently o the conditionsinderwhich the test is doneéBetween different
materials, the only thing that can be compared is the transition temperature in order to deteoateniahis

the best for a certain situation.

The test consists in breaking the sample with a
valid. Impact is provided by an oscillating pendulum on a rectangular sample engravempeavay in

order to facilitate the fracture.
3.3.1 Test machine

The machine used for this test is the Charpyos
Augustin Albert Charpy, who invented the test in the 1905. It is composed by a heavy basementcaside

u

F

iron, that sustains a frame at which a rod is connected by means of a pin joint. The pendulum consists in a rod

with a mass fixed at the end. This mass has a precise geometry that allow to hit the sample in the correct way

all the characteristicare provided in the standard of the test.

Figure 30 - Charpy pendulum
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3.3.2 Specimens

There are essentially two kind of specimens for this test, it depends gedtinetry of thearvingpresent on
itthatcoudoe a fAVO toyepe or a AUO

55 = 10
- e 74w
Specimen, Charpy U
55 10
%
o £ ) =
45°
Specimen, Charpy V

Figure 31 - Charpy specimens

Both are characterized by a square section with a side of 10 mm and by a length of 55 mm. The engraving is
placed in the middle of the sample and it is usually obtained by milllmgjtype of specimen depends on the
characteristics of the material under study, there are also specimens with other standardized dimensions, but

those reported above are the most used.
3.3.3 Analysis of the test

The procedure for this test is very simple térts bringing the pendulum to its top position, positioning the
specimen on its support and then legithe pendulum thdmpacting against the specimen will transfer him

part of its energy.
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Figure 32 - Schematic of a Charpy pdulum

When the hammer is in its top po&1i0t]ileavingi(freedtwouldt h a
transformit in kinetic energy till the moment in which it will impact the specim&ithis point the pendulum

moves with a speed egl to 5 m/s, the impact would deform and break the sammglkigher the deformation
thehigher the amount of energy dissipated (K) during the impact. This value of energy can be calculated using
the maximum height (h) reached by the hammer after thadtmpoint in which the hammer has again only
potential energy.

0 a 0Q0Q a 0Q0Q
In the formula above the energy absorbed by the specimen K [J] is calculated considering the difference of
the potential energy owned by the hammer beforeeahd er t he i mpact, where Amod

in kg, fAgod i s t he ?Q§wanddihtoythaanaemmanheightof thedhammern m/ s

respectively before and after the impact in m considering as reference the position of the specimen.

This test is in appearance very simple due especially to the speed of execution and the relatively easy
calculationstandng behind the result. In realityhere are a lot of critical issues that could affect the results
and must be taken into account, astiype of engravingn the samplebut also the method used to obtain it.
From literature it is confirmed that ti&harpy pendulum test cannot provide any quantitative indication for
designing purpose the obtained results must be used in a qualitatiygavanderstand the behaviour of a
material at a certain temperature subjected to impulsive stresses. An interesting result obtainable is the

presence or not of a transition in the behaviour of the masestlak temperature of the specimidgcreases

Most of the used steels are characterized by a body centred cube (BCC) structure that shows a sharp decline
of the absorbednergy when the temperature decreases. This feature brings to a transition from a ductile
behaviour, with higher energy absorptionatbrittle one, with lower amount of absorbed energy.

There are other materials characterized by a face

transition in its behaviour. In this case the amount of absorbed energy is almost the same despite the
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|l owering of temperature. It doesndt mean that a
BCC one, it depends from the conditionsuvhich these materials has to be used.

The ductilebrittle transition temperature (DBTT) curves are those curves that show the results obtained by
varying the temperature during the Charpy pendulum impact test on a material, in the following figure is
cleaty visible the drop in the value of absorbed energy in correspondence of the transition temperature in
case of BCC structures. These curves are dsgdg the designing phaseander to detect thpossible

materiab for a determined situation, considegrihe temperature under which the component has to operate
and the behaviour that it has to shdmvsome case$is heeded a material that also at very low temperature
maintains high toughness values, but in other situatiansuld be betteto have amaterial thashows a

brittle behaviour, so it can break without important deformations that could damage other components.

Low strength material - Cu, Ni (FCC)

Mild steels (BCC)

Brittle <4=m @ mm) Duyctile

Impact Energy [a.u.]

F__

! High strength material
|

"ﬁ“ Temperature (°C)

T.rit (Ductile-to-Brittle Transition
Temperature, DBTT)

Figure33- DBTT curve

As it can be seen from the di agr ammeamloghes valugs bfe pr
absorbed energy and these values are usually inversely proportional to the strength of the material.

3.4 Fatigue test

3.4.1 Fatigue phenomenon

Mechanical components ansuallysubjected tovariable loads repeated in time that can bring téraisture

even with a much lower value of applied stress in respect to the static limit of the material. This phenomenon
takes t he n andeonssfsina pragtessigeld@aniaging of the material that starts at a microscopic
level and extends proggsively till reaching defect dimensions that can bring to the complete fracture of the
component. Studies on the fatigue phenomenon started in 180@térsstingesultsrelating applied stresses

and life of the componenmtere obtained in 1850 August Wohler (Woh | er 6 s cur ves) .
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Statistically about 75% of fractures in mechanical components are caused by fatigue phenoitiakassD

very important part during the designing phases. In any case the fracture is composed by thre@l#fsnt

f nucl eati on, where the defectbds di mensions ar e
1 propagation, in which the defect enlarges till a macroscopic;, level

1 breakage.

Usually the nucleation phageo e s n 6due to thecfactrthat defects are alrepdygnt on the components,

provided by previous operations or during the production process.

The fractureds surface presents two distinct part

and it is characterized lmpncentric lineswithrespecto t he i ni ti ati on panamtk sof t
or #fAcl amshell patterno. The fAroughd surface part

componentThe smoothness of the propagation zone is due to the fact that during theH#éecofmponent

the crack is opened and closed by the acting alternated stresses, This lead to several contacts between the twi

sides of the crack that smooth out, while during final breakage the resistant zone yields quickly.

Initiation

Fatigue crack
propagation

Catastrophic
rupture

Figure 34 - Fatiguefracture surface

The analysis of the fracture surface will return important indications about the conditions to which the
component was subjected and its failure modalities. Particular attention must be deserved to the propagation
area and to the defect that originated filaeture, that could be an intrinsic fault of the material or due to
specificloading conditionsFrom the extension of the propagation area it can be evaluated the level of the
stresses applied, for example with a wider propagation area the resistant part remaining just before the complete
failure will be very small, this imply a much lower appligtess in respect to the static limit of the material.

When, on the contrary, the crack propagates less is because the applied stress is very high and is able to caus

the breakage also with a larger resistant area.

The behaviour of a material subjectedatigue phenomena is reportbd experimental campaigns in terms
of applied stress and number of cycles carried out with that value of stress on a specimen. With higher values

of appliedstresst he fl i fed of the ¢ ompon eemdughwpplied stréseitchndeve r ,
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considereasinfinite. Uswual ly in the | ast case the stress can

to cause their propagation

S-N Curve for steel:

Low High
cycle cycle

— —— -

= Finite life — Infinite life -
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Endurance I
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Figure 35 - Wohler curve example

As reported in theliagram, a load repeated in time can bring to the failure of a component after a certain
number of repetitions (cycles) even with a lower value in respect to the critical load in the stafithease.

finite life region is divided in two parts,thesoeai Al owo a n d iofshnithg low cyaeyatiguee r e g
the component is subjected to high stresses for a low number of cycles, this situation promotes the nucleation
of several defects, while the high cycle fatigue is characterized by lower streigsated for a high time
duration that will promote the propagation of the cracks. With very high stresses, any microscopic defect
present in the material could generate a crikthis reason is easy to find more than one nucleation point

when the applig stresses are consistence.

The represented curve is typical of a steel, in which the decraaghmyapplied stredinds an asymptote in
correspondence of the fatigue limditfrom which the life of the component is considered infinite. This is not

true in case of noeferrous materials, that show a continuousrdasingoehaviour of the curve.

a)

Gf”“ )

N [ —

Figure 36 - a) steel typical fatigue behaviour; hpnferrous materl typical fatigue behaviour
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In casethe fatigue limit is not asily detectable, it is arbitrary chosen the stress value corresponding to a high
enough number of cycles (usually’16ycle9, considering negligible the further decreasing in the curve

behaviour
3.4.2 Repeated and/or variable loads

Fatigue phenomena are cadis® the application of loads that are variable in time or with a constant value,
but that are repeatedly applied following a cyclical trend over time. Applied stresses can be of any kind, as in
case of tensile, compressive, torsional or bending loadsadbuy on the component in a dynamic way.
Usually, in mechanical applications, the stresses do not follow a precis¢hesgtlare randomly applied, but

this is not possible to be reproduced during testing campaigns due to their complexity. So, tlwibehavi

the stresses is simplified and represented with sinusoidal trends iT hiestresyclecan be alternating, so

with a stress that charggeot only in its value but also in its direction (e.g. from a tensile stress to compressive
one), or it can be pulsatingvhen the action on to which the component is subjected is always the same

changing only in its amplitude.
In any case, for a stressaby it is possible to recognismme fundamentals parameters:

1 Gmax@ N Ghin, r@spectively the maximum and the minimum stress values of the cycle;

17 . ———— mean stress
17 . ——, amplitudeof the cycle;
1 'Y ——, loading ratio.
(4]
oml

Opin =0

b)

Figure 37 - a) alternating cycle; b) pulsating cycle
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3.4.3 Nucleation and growth of a crack

It is easier to have a crack initiation in correspondence of a point on the component in which stresses
concentrations are present. For treason,a component with sharped features or engraves is more easily
subject to fatigue failures and the surfacesh has a very important role for its resistgnodact wth high

loads every little defect can bring to the nucleation of a crack, while with lower applied stresses it takes more
time. The fatigue life of a component calculated in number of cyclebeativided in two parts, the time
needed for the initiation of the crackand that needed for its propagatioy) there would also be the time of
elapsed during the breakage, the complete fracture happens in such a sudden way thategisgible
Generally cracks nucleate on the surface of the piece, where little defects in the material or discontinuities are
always present. In the very first phase, a crack propagates at grain level in the direction of maximum shear
stresses, usually inclined by 4i°respect to the direction of application of the load. After this microscopic
propagation it will increase its propagation velocity ahdnge inclination moving on a plane orthogonal to

the direction of application of the load, interesting a wider secif the component.

PEEEEY g

Tension driven crack
(“propagation”)

Stage |

Shear driven crack

i i i i l ¢ (‘initiation”)

Figure 38 - Crack propagation

This behaviour generates particul amasikgms «@cmntcleent
starting from the initiation point and visible by eye. Thesessaye due to different stages of oxidation of the
crackodés surfaces, due to the cyclic stops occurr e
fatigue test these signs are not present because it is subjected to a continuous test, sttopduntilits

complete fracture, while n gener al application a component o]
continuatively for all its life. During the stress cycles the crack propagates and at each stop a new portion of
the crack surfaces @xidized by the environment, the oxidation level decrease going from the nucleation point

to the last portion of the crack before the complete fracithie.remaining part of the section breaks in a
macroscopic brittle way, perpendicular the direction bapplication of the load andithout large plastic

def ormati ons, but her e thi@osdopicglesticudef@matopspottiaerstsuciuier o u g
in fact, here the fracture is microscopically ducfilee fracture macroscopic morphology deg@s on which

type of load is applied to the component, in the next image are represented the more general cases.
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Figure 39 - Macroscopic morphology of fatigue fracture surfaces

3.4.4 Analysis of the test

There isnot ast, due to dhe differera possible epplitable loads it can be a tensile or
compressive test, a bending test or also a rotating bending lemenachine used is different according

to the type of fatigue limit that has to be evaluatdtthese tests aresable for different purposes, but

for all of them the results can be used to creatditigrams relating the applied stresses with the number

of loading cycles (Whler diagram)During fatigue tests the parameters thatetta be defined are:

1 thenumber of cycles N at which occur the breakage of a specimen;
1 the value of the stress in correspondence of the number of cycles N;

1 the fatigue limit, that is the stress value in correspondence of a number of cycles befveseh1T0

In order to obtain mestimation of the \Bhler curve it is needed a large number of experimental data. These
data are affected by a very large dispersion due to the several factors that could affect the result of a fatigue
test for this reason they are usually analysed withat i st i c al me t lbaosdesd. ntkestuhaol d i
for this purposethat allove to determine that value of applied stress in correspondence of which there is the

50% of possibility to have the fracture of the sample.

The Staicase method involheean initial estimation of two stress levels, one lower and one higher than the
expected fatigue limit. Thgapbetween these two limits must be divideg many intermediate levels with

equal intervals between them. The test campaign is carried out wathdarumber of samples increasing the
stress |l evel when tinthe cossderedinumbar of dyoles éomtpot dedreasing ikin

case of failure. The number bfeakagesvill be different from that of undamaged samples, than the stress
values belonging to the less frequent event are taken into account and their mean has to be calculated. In case

that the considered serimssthat of broken samples, to the obtained mean it has to be subtracted a half of the
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gap betweerwto subsequent stredevels. On the contrary, if the considered series is that of the undamaged

samples, this value must be added to the obtained mean stress.

Less frequent event Smax
J

__ 302+203 Ao gl—— -

e A ol—— — — —H— = — —

o |l——— — — — ——

failure Ao ] - P —
5 broken specimens (3 at o, and 2 at g3) * run-out
6 run out specimens (2 at ,, 3 at g, and 1 at g;)) X failure

Figure 40 - Staircase method example
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3.4.6 Specimens

As for the testing machine, also the specimends ¢
all the type of specimen particular attention nhestdeserved to the surface finish, because as said before any
kind of defect can behave astiation point for a crack. All the characteristic dimensions for the specimens

are reported in the related standard, that varies for any type of tested fatigue.

1
/ \
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R/ \R
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Figure41 - Examples of cylindrical and rectangular specimenddtigue tests

3.4.7 From the specimen to the component

Following the indication reported by the standards, both for what concerns the procedure and the characteristics
of the specimen to be tested, it is possible to calculate the fatigue limit of a matexiptoblem is that for a

generic component made by that material, its fatigue limit would be lower or at maximum equal to the value
obtained for the material itself. This difference is caused by several factors having the same effect, all of them
make the @ce more prone to cracks formation in respect to the tested specimen. The prltiptbns of

the fatigue resistance are caused by the presence of notches and by the quality of the surface finish, but also
the dimensions of the component play an ingarrole in this field. There are coefficients that can be used in

order to correct the value of the fatigue | imit <c

1 Notch effect coefficientfiK:0, that allowto evaluate the reduction of tFetigueresistance caused by
possible notches present on the companent
b p NOL p
I't is in general | ower th@nandetd heaolreuli atad into
sensitivity Agd is needed. tiffepmortediatiagmamsdhat A qo | a
consider the stress gradient, the fillet radius and the material, but it can also be calculated using the

following formulas

Petersonry —; Neubern ——.
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Where fAro is the fillet radius in the correspo

on the magdeanalt hamdcliar act er i st itsqgesistdncet he mat er

1,0
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02+
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0 e
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£ ) 800 1200 1600 R, [MPa]
Figure 42 - Notch sensitivity diagrams
9 Dimensional effectcoefficienti ® , t h atd taka ihtd acawunt the reduction of the fatigue

limit caused by higher dimensions in respect to the specimen used in the st Wider is the
component, higher is the probability of finding superficial defects, furthermore, on a wider section,
the stress gradient is lower so determining a higher mean ste¥ss single grain. This coefficient

can be calculated referring toetdiameter or the thickness of the component by experimental

observations:
ol
- "u
2 \!
9
S
b
@
0
o
™
=
9
w
| =4
(]
E Dispersion range of
- experimental data
diameter or thickness [mm]
Figure 43 - Dimensional coefficient diagram
1 Surface finisheffect: coefficient o , it i s referred to the rough

technological process used, and the resistance of the material. It is reported on a diagram that relates

it to the roughness of the surface and to the maximum tensile strength of the material:
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Figure 44 - Surface finishing coefficientatiram

These three coefficients aapplied to the fatigue limit of the material, obtained by the fatigue test or evaluated

from the tensile strength, in order to calculate the fatigue limit of the component:

R 3D b
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3.5 Vickers hardness test

Hardness is a mechanical property of a matdratlexpresses the resistance it opposes to the penetration of a
harder material according to a localized compression carrigdyaafproperly shaped penetrator. Unlike the
previous ones, the hardness test is adestructive onand can be directly done on the real component. There

are many types of hardness tests, differentiambrding to the shape and the material of thestpator,
characteristics that determine the maximum hardness detectable and therefor the material to be tested. This test
is featured by low costs and very short execution time, most common tests aré; Bitkers; Knoop and

Rockwell.

Table4 - Hardness tests characteristics

Shape of indentation

Test Indenter Side view Top view Load, P Hardness number
10-mm steel H D O 500 kg - op
Brinell or tungsten 1500 kg B
carbide ball < g ~lal= sse0ic (rD)(D - VD2-d?)
‘ ) ; 136° L 1.854P
Vickers  Diamond pyramid > 1-120 kg HV= ——
X L2
= 1
Knoop Diamond pyramid L/b =-7-_ 1_1- B é 25g-5 kg HK = L‘lf—P

t
b/t = 4.00 ‘ L
Rockwell

A N 60 kg HRA
C Diamond cone 150 kg HRC } =100 - 500t

D s 100kg  HRD

t=mm
B e
F 75~ in. diameter O

steel ball T
G t=mm

100 kg HRB
60 kg HRF
150 kg HRG [ = 130 - 500t

e
£ < - in. diameter 100 kg HRE
steel ball
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4 Chapter 4

4.1 Preparation of the specimes

All the materials were provided golddrawnbar s from fATre Valli Acciai s.
diameter and 1,5 m length for all the materials except for the 11SMn37 that was provided in bars with a
diameter of 20 mnmBars were marked using the chosen encoding and cut in order toralataipecimens for

all the tests. There were 18w specimens (3 for each material) with a length df d8n for the tensile test,

48 raw specimens (8 for each material) with a lengfti 80 mm for the fatigue test and faw specimens (5

for each materiaéxcept the 6 obtained for the S355J2wi t h a | ength of 200 mm f
test. For tensile and fatigue tests, a final specimen was obtained from each raw specimen, while each raw
specimen for the toughness test corresponded to a set ofittaesamplesdue to easily operation in their

manufacturing process.

Figure 45 - Raw specimens obtained for the material 11SMnRis@D11SMnPb37

From the remaining parts of the barsre obtainedhe samples for the metallographic and chemical aalysi

The hardness tesivere @rried out taking advantage of the samples made for metallographic analysis.

Figure 46 - Samples for chemical analysis
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4.1.1 Specimengncoding

Each specimen asmarked with the corresponding code in order to simplify their identificalibe same

code applied with a pencil before machining operatiase punchedusingshaped penetratoo tre final
specimens. Each code used for mechanical tests contains a letter representing the type of the test, a progressiv
number indicating the single specimen and another letter representing the material.

Table5 - Tess encodng

Test Coding letter
Tensile test T
Toughness test R

Table6 - Materialsencoding

Material Coding letter
S235JR A
S355J2 B
11SMn30 C
11SMn37 D
11SMnPb30 E
11SMnPb37 F
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4.1.2 Drawings of the specimens

Raws peci mens were processed by thelcompanyofiBReadyo
specimensDrawings of the specimens were made following the indications reported in the standards for each

kind of sample and then provided to tlwerpany.

For the tensile test, the specimen has to follow the standard UNI EN ISE16892

o
43 R13 @ R13 43
1 e 1
Q

@16

216

.

159.6

Dove non specificato valgono le telleranze
generali secondo norma: UNI SO 2768-m

Disegnatore Scala
Andrea Casaroli :

Data
02/06/2014

Norma
xﬂ?:iiliw iCrMo3 UNI EN 150 6892-1 "Prova di trazione - Parte 1:
Metodo di prova a temperatura ambiente”

Denominazione
Provine di trazione cilindrico proporzionale (d0 = 10mm)

Figure 47 - Drawing of the specimen for tensile tests

Before proceeding to the test, the central pastbeemarked with a pen and divad in intervals of 8.0 mm,
this operation allows to evaluate the elongation at the end of the test.

1

Figure 48 - Tensile tes§ specimen as delivered (left) and marked (right)
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For the Charpyo6s phespagamenhas to follpneathe standagd UNIEN 12181,

55

>

1.5

Diove non walgone be tolleranze
genserali secondo norma: UNI IS0 2768-m

Madrra
Accisio TNICINGY RIS Las

Figure 49 - Drawing of the specimen fooughness tests

Specimens were manufactured in sets of three specimens eadhetherere dividedby the companythis
procedure allows to machine them easily and in a faster way.

Figure50-Toughness

testds speci mens



For the rotating bending fatigue test, the specimen has to follow the standar#i43.0

s g ®
1x45° K R85.5
. Ra y Rao. Q Ra 0.8,
o 1
o 19 44.9 49
(142.9)

Dove non specificato valgono le tolleranze
generali secondo norma: UNI 1SO 2768-f

Disegnatore Scala Data
Andrea Casaroli 1:1 02/06/2014
Norma
Materiale
. " 1S0 1143"Metallic materials - Rotating bar bending
Acciaio 39NiCrMo3 Iatgue tasting: (Room remperstre)

Denominazione
Provino di fatica a flessione rotante (cilindrico a clessidra d = 6mm)

=@

Figure 51 - Drawing of a specimen for raiag bending fatigue tests

Figure 52 - Rotting bending fatigue te&tspecimen
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4.2 Tensile test

Tensile tests were performatithe laboratories d?olitecnico di Milano following the standatéNI EN ISO

68921. First of all, specimens were measuyraat only to control the correctness of the machining operations

but also because these measurements are fundamental for the evaluation of the nec&mgnzhat the end

of the testMeasurements of the diameter in correspondence of the central part of the specimens were taken
using a calibe.

4.2.1 Tesfe&xecution and analysis

After measuring its diameter, each specimen was clamped in the jaws of the npashingeattention to

maintain its axis as vertical as possible. Then the extensometer was applied to the specimens paisitioning
grips at both ends o fg,thahiethafisection markedwith agpanailgAdter tesettirgt h o
the extensmeter and the loading cell, the characteristics of the specimen were uploaded in the program
controlling the machine. The fundamental characteristics are the initial diameter driginal gauge length

Lo and the speed at which the machine has toaseréhe applied load. This last characteristic is provided by

the standard that, for a material with an elastic modulus E higher than 150000 MPa as a steel, must be between
6 and 60 MPa/s.

Figure 53 - Tensile test machine
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Figure 54 - Tensile test machine particular (extensometer)

At the end of the test, the program requires the values dfitied gaugelengtto (Lu) and of the minimum
diameter after the fracturedjdn order to calculate some properties of the material. So the specimen has been

removed from the machine and with a caibite required measurement were taken matching the fracture
surfaces of the two pieces.

I /Su AT
S = e B R
L N
Ly

Figure 55 - characterstics of the specimen after the tensile test

Figure 56 - Specimen of S235JR after the tensile test
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At the end of the test, the machine returns the principal characteristics of the material in a report and the values

of the stessstrain curve obtained during the test. The curve of the tests carried out are shawn belo

48

Stress [MPa]

600

500

53
[=]
[=]

300

200

100

500

500

100

T1A (S235JR)

0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16
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Figure 57 - Stressstrain curve specimen T1(&235JR)

T2A (S235JR)

0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Strain

Figure 58 - Stressstrain curve specimen T28235JR)
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Figure 59 - Stressstrain curve specimen T3&235JR)
T1B (S355J2)
0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16
Strain

Figure 60 - Stressstrain curve specimen T1B8355J2)
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T2B (S355J2)
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Figure 61 - Stressstrain curve specimen T2B8355J2)
T3B (S35512)
0 0,02 0,04 0,06 0,08 01 0,12 0,14 0,16
Strain

Figure 62 - Stressstrain curve specimen T3B355J2)
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Figure 63 - Stressstrain curve specimen T1Q1SMn30)
T2C(115Mn30)
0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16
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Figure 64 - Stressstrain curve specimen T2@1SMn30)
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Figure 65 - Stressstrain curve specimen T3@1SMn30)
T1D(115Mn37)
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0
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Figure 66 - Stressstrain curve specimen T1Q21SMn37)
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Figure 67 - Stressstrain curve specimen T2Q21SMn37)
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Figure 68 - Stressstrain curve specimen T3Q21SMn37)
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Figure 69 - Stressstrain curve specimen T1E1SMnPB30)
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Figure 70 - Stressstrain curve specimen TAE1SMnPB30)
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Figure 71 - Stressstrain curve specimen T3E1SMnPB30)
T1F(11SMnPb37)
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Figure 72 - Stressstrain curve specimen T1E1SMnPB37)
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T2F (11SMnPb37)

Stress [MPal

Figure 73 - Stressstrain curve specimen TAE1SMnPB37)

T3F (11SMnPb37)

Stress [MPal

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14

Strain

Figure 74 - Stressstrain curve specimen T3E1SMnPB37)

As it canbe seen from the graphs, the tensile test is repeatable, in fact for the same material the values of stress
and strain along the tassire similar.This can be easily seen looking at the tables and graphs reported below
where a comparison between specimehthe same material can be dohbe values of elongation (A%)
reported in the tables were calcul ated usthiswgy t he

the values can differ by those reported on the curves, mainly due taskie edcovery of the material.
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Table7 - Tensile test results for material S235JR

Specimen [ d0 [mm] | LO [mm] [S0 [mm2]| du [mm] | Lu [mm] |Su [mm2] [Rp0.2 [MPa][Rm [MPa]| A% Z%
T1A 9,95 50 71,76 6,15 57,86 29,71 500 525 15,72 | 61,80
T2A 9,94 50 77,60 6,05 59,7 28,75 515 541 19,4 62,95
T3A 9,95 20 71,76 6,02 57 28,46 535 560 15,4 63,39

For the S235JR stedhe obtained mean value for thesland R, are:
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—_— ) V]
p pXUQ
v B Y i Do
_— VT )
o q
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Figure 75 - Stressstrain curves for material S235JR
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Table8 - Tensile test results for materiaBs5J2
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Figure 76 - Stressstrain curves for material S355J2
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Table9 - Tensile test results for materibl SMn30

Specimen [ d0 [mm] | LO [mm] [S0 [mm2]| du [mm] | Lu [mm] |Su [mm2] [Rp0.2 [MPa][Rm [MPa]| A% Z%
TiC 9,95 50 77,76 7,4 57,15 | 43,01 543 579 14,3 | 44,69
T2C 9,94 50 77,60 7,2 57,2 40,72 548 585 14,4 | 47,53
Tac 9,93 50 77,44 7,14 57,8 40,04 545 583 15,6 | 48,30

For thel1SMn30steel, the obtained mean value for the:Bnd R, are:
2% 5 ¥ RV}
DTDLOV
o
. B Y .
Y LYEgL &
o
115Mn30
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w
o A
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= —TiC
300 I
= 2c
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T3C
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100
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16

Figure 77 - Stressstrain curves for material 11SMn30
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Tablel10- Tensile test results for material 11SMn37

Y UL VA
o
' B Y .
Y opPL &
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0 0,02 0,04 0,06 0,08 0,1 0,12 0,14
Strain

Figure 78 - Stressstrain curves for material 11SMi3
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Tablel1- Tensile test results for material 11SMnPb30

Specimen [ d0 [mm] | LO [mm] [S0 [mm2]| du [mm] | Lu [mm] |Su [mm2] [Rp0.2 [MPa]|Rm [MPa]| A% Z%
T1E 9,94 50 77,60 7,3 56,7 41,85 565 599 13,4 | 46,06
T2E 9,93 50 77,44 7,3 57,2 41,85 566 601 14,4 | 45,96
T3E 9,93 50 77,44 7,4 56,7 43,01 564 599 134 | 44,47

For the 11SMPRK30 steel, the obtained mean value for the:Bnd R, are:
B Y .
Y LEDUL H
o
. B Y .
Y emmmy &
o
11SMnPb30
600 _
500 x\‘
=
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= -
= —TIE
& 300 T2E
(V]
200 E
100
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16
Strain

Figure 79 - Stressstrain curves for material 11SMnPb30
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Tablel2- Tensile test results for material 11SMnPb37

For the 11SMnPb37 steel, the obtained mean value forsharmil R, are:
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Figure 80 - Stressstrain curves for material 11SMnPb37
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Comparing the curves obtained from all the tested material it can be seen the difference between them. All the
considered steels showed a duchishaviour butharacterized by different values of maximum stress and
strain.

— 5235IR

i)

o Ciyy _

< 500 §355)2

9 200 115Mn30

—

0 115Mn37
300

115MnPh30

200 115MnPh37

0 002 004 006 0,08 0,1 0,12 014 0,16

Strain

Figure 81 - Tensile tests results

Looking at the structural steels, it can be seen that they almoost the same elongation aihabking at the

reported tables fairly similar decreasing of section during necking before complete fracture. The difference
amorg these two materials stays in the values of stress reached during the test. The higher content of carbon
present in the S355JR gives it a higher strength implying higher yielding and maximum stresses.

For what concerns the freatting steelsthey showan almost identical behaviowoth in terms of stress and

strain. It can be seen that a higher content of sulphur leads to a lower ductility of the steel, showed in the graph
by a lower elongation and in the tables by a lower decreasing of theseaigsduring the necking
phenomenorAnother interesting thing that can be noticed is that the presence of lead does not alter the result
of the test.

Comparing now the two different kind of steels it is easy to see the differences among their behaviours. The
feecutting steels present a strain hardening phenc
presence of manganeselphides lead® a lowerductility and so a smaller elongatiamhile the large amount

of manganesallows to compensate the lower content of carbon in terms of maximum applisessirefact,

all the freecutting steels present a higher strength in respect to 288J8, despite a lower carbon
concentration.
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Following the standard for the tensile test, the fracture has to occur within the marked section in order to

consider valid the results. Considering the initial gauge length divided in three equal partshagectmo

cases of correct fracture position. If the rupture occurs in the central section of the gauge length, the elongation
can be calculated simply measuring the final gauge length and calculating the difference in respect to the
original one. On theantrary, if the rupture occurs in one of the two side thirds of the gauge length the

procedure is a little bit tricky.
Before proceeding with calculations, some references have to be defined:

1 Xis the side reference of the gauge length orstioeter piece of the specimen;

1 Y is the reference of the gauge length on the longest piece of the specimen at the same distance of X
from the fracture;

1 Nis the total number of intervals marked in the gauge length;

1 nis the number of intervals within theferences X and Y.

N
|
] | | I i
n (N-n)2
e JFXY iYZ -
X Y Z
a) N-—nis an even number

N

5 (N=n=1)/2
e =

X Y 2L

b) N-nis an odd number

Figure 82 - Scheme for calculating the elongatio
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op ———nmn ob = Ppnm

case a) case b)

For what concerns thigtudy,all the fracture®ccurredwithin the central third of the gauge lengds

can be seen in the next pgo this kind of calculations were not necessary.

£
5]

Figure 83 - Specinenafter the tensile test
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4.2.2 Macroscopic analysis of the fractures

Visual inspection of the fracture surfaces is of great importance in order to understand how the specimen
behaved during the test. After taking the necessary measurement for the calculations, the specimens were cut
in order to obtairsmaller samples and then the fracture surfaces have been photographed.

From the samplest can be seen also by eyes that the necking occurred in theultegy steels is smaller
than that occurred for the structural ones
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Figure 84 - Fracture surface S235JR
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Figure 86 - Fracture surfaces 11SMn30
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Figure 88 - Fracture surfaces 11SMnPb30
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Figure 85 - Fracture surfaes S355J2
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Figure 87 - Fracture surface 11SMn37
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Figure 89 - Fracture surfaces 11SMnPb37



4.2.3 Microscopic analysis of the fractures

The same samples obtained for the macroscopic inspection were used also for the microsgmsc anal
acquiring pics with the SEMAIl the samples have been cleaned in order to remove the possible oxides
deposited on the surface. The main target for this analysis was to see how the material deformed during the
test andn which way the particles prasein the freecutting steels modify this behaviour.

Some of the following pics are reported also in appendix B with other ones in order to better compare the
different analysed materials.

Pics of the fracture surfaces were taken at different magnifisaiwhin different positions order to have
an overview of the surface and some details demonstrating the behaviour of the material.

For what concerns the analysis of the structural steels they do not present anything in particular and can be

taken as eample to see the behaviour of a ductile material during the tensile test.

1 mm Pg Politecnico di Milano
Dipartimento di Meccanica

Figure 90 - S355J2 sample 40X

Inthe figure aboveitxn be seen t he assynedby aductild maienad durindtihegile tést.

The central almost plane part is constituted by the last resistant section of the specimen, while the surrounding
one is inclined of almost 45° in respect to the axle of the specimen and is the part in which the material yields

and flows dumg the necking phenomenon. Both the two parts present dimples, so the characteristic features
of a ductile fracture, but it is possible to see that these dimples appear different looking in a position rather

than the other.
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Figure 91 - S355J2 sample 200X Figure 92 - S355J2 sample 2500X

As it can be seen from the above pictures, in the central part of the fracture, dimples appear regular, without

any particular diretion of elongation.

Politecnico di M

Dipar

Figure 93 - S355J2 sample 200X Figure 94 - S355J2 sample 1500X

Dimples present in the surrounding part, on the contegogear elongated in the radial direction, especially

the most external ones, that are in the area where the necking phenat@msmore intensely.

In both the structural steels are present some grey particles visible in the dimples. The micros¢opakesed

the pictures allows also to execute an analysis of the materials pregentiaterial similar to that obtained

with the quantometer. This analysis revealed that tinekesionsare composed b@a in its oxidized form. Its
presence ielpful for different reasonsn fact adding it to the molten steel, it is possible to decrease the
concentration of oxygen forming calcium oxides and this helps also in the refining of the grains during the
solidification, obtaining so a more resistant material.
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Politecnico di Milano
Dipartimento di Meccanica

Figure 95 - S235JR sample 2500X

By

Thepat i cl e marked with the | etter AA0O has been anal’
found by the SEM.

T4 _06 4

Figure 96 - Chemical analysis S235JR

As it can be seen the principal elements preserfEgrdin and Ca. Fe and Mn are present in that they are the

main chemical elements of the steel matrix, while Ca is present in form of inclusions.
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Consideringnow the freecutting steels, it can be seen that they present the same ductile behaviour, but the
samples are characterized by a wigkme part and so a wider resistant section at the end of the necking
phenomenon due to their lower ductility. This igedto the presence of a large number of inclusions
(manganese sulphides) and is detectable also looking at the morphology of the surface. In fact, it presents
always dimples, but those in the central part are very regulahepd i dstid@ between thepasopposed

to the structural stegls o frar this reason, in the central part the fracture appeare brittle from a

macroscopic point of view #én the other casem that the material showed a lower deformation.

Figure 97 - 11SMn37 sample 37X Figure 98- 11SMn37 sample 1500X

Looking at the external part of the surface it is possible to see the same radial elongation of the dimples seen
for the other materia.

Figure 99 - 11SMn37 sample 200X Figure100- 11SMn37 sample 1580

Manganese sulphides are widely present in the material and it is possible to see them in the dimples as grey

compounds with al most the same di mension of the oc
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