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ABSTRACT

Friction Stir Welding has developed as alternative machinery for joining metallic alloys
that can be consider as almost impossible to join with conventional techniques. FSW
process is employed for joining low melting point metal in several industriesasuch
aerospace, rail, automotive and marine industries. Presence of cavity defect or wormhole
is a common occurrence in Friction Stir Welding that been closely linked to weaken the
joint mechanical properties. Formation of cavity at stirred area or nuggetesult of

poor flow control of plasticize welding material, hence understanding movement of
plasticize material is crucial to dictate the problem. Variables such as pin tool geometry,
titing angle and also direction of pin tool rotation are believednoact the flow of
melted workpiece. Nevertheless, frictional contact conditianghe todlworkpiece
interface the resulting microstructur@ndthe genesis of the cyclic variation in process
responsesare among the issues that need elucidation fraticadr experimentations.

This project proposes pin tool design to reduce size of wormhole spawn from FSW
process. Manipulative variables that were tested were pin tool geometry, and pin tool
material. The experiment was conducted at room temperature tmollszhtestpiece
dimension of Aluminum 5083. Parts of mechanical properties of the welded samples

and also microstructure formation will be presented to conclude the study.

Keywords: Friction Stir Welding, wormhole size, pin tool geometry, pin toolemat,
aluminium 5083
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CHAPTER 1: INTRODUCTION

1.1BACKGROUND STUDY

Friction Stir Welding is a joining techniquiat offers huge improvement to
aerospace, shipbuilding, aircraft and automotive industnéglly, it was invented by
Wayne Thomas in December 1991 at The Welding Institute (TWflgtion driven
mechanism has made FSW operate at lower temperature than fusion welding hence
provide joining to 2xxX 7xxx series alloys which previously congieé as unweldable.

The FSW products are made of fatfether materialsvhich significantly has great
mechanical properties. Among all joining technique, FSW has more advantages despite
it produce the best properties of welding. However, small defectsook piece that

affect mechanical properties might spawn from bad control of FSW parameters.

This project focuses on wormhole or tunnel defect that regularly ®émm
poor flow of plasticized work piece. Besides, there are other suspects to contrdjution
wormhole such as poor heat control, unsuitable pin tool geometry profiles, clamping
error, and alsdnefficient parametersThe formed cavity under the welded surface
decreased the joint mechanical properties hence affect joint strength and safety. The
project emphasizes on root cause of wormhole and pin tool design to reduce the size of
wormhole as well as improved the joint effectiveness.

In general, FSW has been found to produce a low concentration of defects and is

very tolerant of variations in pameters and materials.

Joint

Direction ol the
movement of the tool

Retreating side ol {7

theweld = Advancing side

g

Probe Tool shoulder

Figurelilustration of FSW process
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1.2PROBLEM STATEMENT

Friction stir welding (FSW) is a solid state welding process for joining
aluminum and other metallic alloys and has been employedenospace, rail,
aubmotive and marine industries. Since FSW joint superiority was better than
conventional weldingt$ applicatiortakes us another step forward in structured system.
However, FSW tends to produdefectthat may affect aesthetic as wells strength in

certain applicationgOne of the most occurs defect is wormhole.

This project aims tanvestigate relation between pin tool profiles with formation
of wormhole. By varying pin tool profile, wormhole size reduction was investigated. As
defect free weldment was desired, smaller wormhole size are preferred as it less likely to
omit mechanicalstrength of the weldment, hence bring bengditquality of metal
joining.

Wormbhole is voids coagulate along the welding line. Cavity formed between th
joint created spaces for stress concentrator hence affects the weldment integrity. In
terms of wormhole formation, there are a lot of aspects to look after. Generally, tunnel
defect in the weldment occur while the welding process take action. Henahlesri

regarding the welding process hugely impact the wormhole formation.

11



1.30BJECTIVE
The main objective dhis researclare :

i.  Toreveal relation between pin tool geometry and formation of wormhole.
ii.  To identify preferable material between HIGol Steel and AISI D2 tool
steel in reducing wormhole size in FSW of AA 5083
iii.  To investigate relation between wormhole formation and mechanical
properties of joint.
iv.  To investigate relation between volume displace by the probe with formation
of wormhole

1.4SCOPE OF STUDY

The research on the topic will be based on the stdijettives The scope of study in

the objectives can be simplified as follow:

i.  Friction Stir Welding Machine

In order of preserving material and reducing cost, optirparameters
from previous research is applied in the study with addition of other new
manipulative parameter.

ii.  Process and procedure of Friction Stir Welding
As to achieve the best result, detailed review on the welding procedures
are made, hence applied in this research

iii.  Wormhole effect
Effect of wormhole on welded joint is studied to differentiate and
improve the impairment cause by the cavity.

iv.  Manipulative variables that affect occurrence of wormhole
Besides FSW machineds basic paramet e
and down force; other criterion such as tilting angle, direction of rotation,
type of material also impact presence of tunnel defect.

v. Pintool impact
Various design of pin tool geometry give different quality of welding and
affect the flow of plasticizevelding sample. Other than that, pin tool also

hugely affect the superiority of the joint.
12



CHAPTER 2: LITERATURE REVIEW

2.1FRICTION STIR WELDING (FSW)

FSW is a relatively new joining techniquBasically FSWutilizes frictional heating
combined with forging pressure to produce hsgiength bonds.Throughout the
process, there 30 melting condition involvesonly solidstate. Frictional welding only
use 70%- 90% of materi al 0s me | tsijoingng to ehmper at L
A unwe |.Amobd kaowwn advantages of FSW are the product has less porosity, less
distortion, less shrinkage and also absence of filler mataére are three main

parameters in handling FSW:

1 Rotation speed ()
1 Travel speedd afa Qg
1 Down force (Q

Good control of these parameters according to work material could fabricate a
perfect joining. Other than that, pin tool suitability also crucial to achieve the best
welding quality. In placéo identify the way heat is generated arah$ferred to the joint

area. A simplified model is described in the following equatiol: * 7 "OU

Where the heatl)) is the result of friction(), tool rotation speed () down force
("Q and a tool geometry constani)( The work piece temperae is precisg by
di stributing heat conferring to mabhderi al 06
rotational speedThe main objective of this project is itbentify pin tool geometry that
produce smalwormhole size formed during FSWhusknowingt he machi nebdés ¢

is crucial.

As to investigate the most efficient parameters manimize the defect
occurrence, a study is conducted by S.K. Chionopoulos. The study used AA5083
aluminum alloy (AT4.60Mg 0.73Mni 0.12Cii 0.03F¢& 0.02Si) withdimensionsof 300
mm x 150 mm x 5 mnrolled plates as welding materidtight different sets of
parametersvere used to fabricate the joints, while two types afngetries concerning

the pin toolswere used.This study concluded that only trenical pin geometry

j:,~'.1:; Qi i
Figure2 sample of perfect weldment of tapere
pin tool pin tool




resulted indefectfree welds at specific welding parametedsl58a afi Qigure 1)
and 0.17% ati Q(ligure 2) with bothat 475 RPM (L. Fratini, 2010).

2.2 PIN TOOL

Pin tool is the interface between FSW machine and weld material. It is another
core part of a FSW machinte rotating pin tool that responsible for fitet generation
and intermixes of weldmeniThere are three main components in a single pin tool,
probe, shoulder and also external features on the pfdmmrding to Shude Jihe
opined how velocity flow of plasticize material being affected by three tgpé¢ool
profile by using ANSYS FLUENT simulatignconventional tool(cylindrical probe)
half-screw pin tool and a tool with a taperiate pin. He concluded that, the tool with
half-screw pin and the tool with taperidte pin both obviously increaseaterial flow
velocity near e bottom of the work piece abdtharebeneicial in avoiding root flaws
(Shude Ji, 2012). This shown that probe design is among the factor to control material

flow.

Furthermore, a study experiment the rotation directionckelise or anti
clockwise effect on welding flow. ivas concluded thdhe joint welded using a stir tool
rotated in a counter clockwise direction exhibitttdreformation of microstructure than
the joint welded in a clockwise direction (F.C. Zhang, 20P8) tool rotating direction
relate with advancing side and retracting side of the weldment which further affect the

microstructure arrangeme

Pin tool give many effect on welding quality despite other parameters. Pin tool
design has to fit certainiteria in order to assure the success of friction stir welding. As
to provide complete joining between two plates, the probe design has to penetrate
Y 1t P w Tt kepth of both plates. Meanwhile, the shoulder design contributes to heat
generation which requirepuo x 1 f based metal melting temperature. Sufficient heat
is needed to plasticize based metal and assure smoothness of pin tool transverse

movement. Excessive heat will melt the based metal and formulate defect.

14



Furthermore, pin tool material selectimncrucial based on based metal. Pin tool
has to maintain great properties on elevated temperature. Throughout the welding, pin
tool material has to remain rigid while colliding with based metal in rotating motion.
Penetration from rotating pin tool theample will generate heat that dissipates at the
welding line. Hence, it is important for pin tool material to be strong and hard

throughout the praess at any given temperature.

Other than that, external features on the probe are one the main factor that
dictates the flow of the weldment. Different pin tool designs give different welding
quality. As the probe penetrate into the work piece, it regulate stirring motion between
bothsurface that cause the based metal to become ribbeatate by frictional heating.

Both surface then intermix behind the pin tool as it moves transversely. Probe design
affect the flow path of the weldment which poor flow control will result in defeath

as tunnel defect.
2.3WORMHOLE

Wormhole or tunnel defect is a cavity formed under welded surface where
undetectable by naked eyes. The primary cause of wormhole is abnormal flow of
plasticize material during weldindoue tothe reduced joint areaetween the work
pieces, wormholes severely weaken the mechampicaderties of the weld bond (G.
Huang, 2000Q)In Friction Stir weldcrosssection, there araree main zones; the nugget
(stirred zone), thermal mechanically affected zone (TMAZ), heattatferone (HAZ).

These three zones possess distinct mechanical properties accordingly while nugget and
TMAZ is the weakest part of the joint (M. R. Uday, 2010)

The nugget is the region through which the tool piece pin passes, and thus
experiences high defmation and high heat. It generally consists of fine equiaxed grains
due to full recrystallisation. The TMAZ adjacent to the nugget is the region where the
metal is plastically deformed as well as heated, but this is not sufficient to cause
recrystallisabn. The HAZ experiences only a heating effectthwho mechanical
deformation (S. Rajakumar, 2011The region above and under the nugget may

represent the zone where tunnel defect might occur. Tunnelling defect occurs when the

15



material flow around the pitool is not adequate, dsin irregular weld filling, me of
the most critical types of the FSW defexthe tunnelling (S. Balo2013).

The effect of tunnelling defects on the joint

strength efficiency is studied by L. Sidjinin. This GE?eratiDn
aser
study objective is to conclude that either the

wormhole affect the mechanical properties of friction )
Detection laser

stir weld.Based from the findings, the tunnel obtained| & interferometer

influenced the joint mechanical properties. In one of

his sample, a combination of tunnel and a crack '/l\\
shaped tunnel was found, hence proved to give more //" \\
unfavourable effect on the mechanical properties. Defect Inspected part

Sidjinin also conclude that the ptn'concave Figure4 X-ray set up for weldment defect inspection
shouldefrvolume ratio greatly influences the

occurrence of the tunnelling defect (R. Nandan, 2008).

Wormhole occurs under the welding surface, hence undetectable by visual
inspection. Based from previous reseambrmholes can be identified by usingay,
radiographyJaserultrasonic technique and also infrared thermogragtler than that,
destructive testing of sample give cross sectional of weldment will provide visual on
wormhole. The microstructure and graformation usually tested by the scanning

electron microscope (SEM) equipment or optical microscopy (OM).

16



2.4ALUMINUM 5083

Initially FSW was designed to encounter joining of Aluminum. Although,
aluminium has advantage on its light weightcauld not form joint by fusion welding.
l'tso | ow mel tpip@tg }anc buoipng poatd u rx g ado not suit fusion
welding. However, FSW along with friction powered mechanism offers rapid and high
quality weld to 2xxxi 7xxx series alloys who pr@éwusly considered as unweldable.
Thesealuminum alloys are generally clas®id as noaveldable because dhe poor
solidification microstructure and porosity in the fusion zomdso, the loss in
mechanicaproperties as compared to the base materiadrig significant. These &ors
make the joining of thesalloys by conventionalvelding processes unattractive. Some
aluminium alloys can be resistance weldbdt the surface preparation is expensive,

with surface oxide being a major probléim G. Zhang2012)

FSW offers improvement in many fields such as naval, aerospace, and aircraft
with itsod I nwehghbading By decreasidgedeaeight loading value,
it leads to less energy consumption while increasing load capacity. Besides, aluminiu
natural properties of highly corrosive resistance made its worthy for exploration. Further
study might improve application of aluminium other properties such as excellent
conductor of heat and electricity. Other than that, this project choose alumigiomaia
material as ieasily sived resource because it canrdeycled, and thus can be expected

to be an environmentally friendly metallic matei@lK. Chionopoulos2008).

Among other aluminium series, 5xxx series are known as one of the strongest
series. Shipbuilding, car body parts, pressure vessel, and aerospace are among the field
most contributed by 5xxx series. This group of aluminium well suit with corrosive

environmet such as seawater and industrial chemical.

17



CHAPTER 3 : METHODOLOGY
3.1PROJECT FLOWCHART

In the method in carrying this project, there are several steps to achieve the desired

result

Reading and
Discusson

uPreliminaryresearchon the projecli @atkgound.

w ! dérstandthe pNB 2 $eQuiretn@ntsand processnvolved.
ubiscussiomwith expertsregarding higher leveltopic under project smpes
oProblemidentificationand literaturereview.

Sanple
Production

w | dérstandprocesdnvolvein preparing FS welding.
w bnfirm all the varigblesneededin project.
w ! dh8 decidedmaterialand studied procedure oreducing wormhole.

Samplelesting

w @strun the sampleregading the type of mechanicatest.
ww S Led$sevéral run with differentbatchsamples.

Data Cdlection

w w &deveryresdt.
w! y I thewareddata.

Conclusiorano
Discusson

w bmpareresut betweenthe analyseddata andLINE 2&nO i Q &
oPrepareli KS LING@tS OG Q&

— ) ) ____J

Figure 5Project Step and Activities
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3.2PROJECT OVERVIEW

First of all, final year project was divided into two separate parts, FYP | and FYP 1.
Initially in FYP I, information were gathered bgviewing previous research, journal
paper, technical handbook and other FSW related essays. Literature reviews was
done by referring multiple available sources. In order to complete progress report,
full procedure on conducting the research was cruci#h wetailed information.
Besides, meeting with associated technicians and experienced student was arranged

to share and collect more detailed data.

Final year project Il (FYP Il) requires execution of process in order to achieve
objective. Based from provided methodology, investigation work was conducted.
FYP Il is the final part of the project where at the end of the period, full report of
experimentvas expected. The activities involved in FYP Il for this project were pin
tool fabrication, pin tool heat treatment, FSW of sample, and mechanical testing of
joint. Most of the process requires approval and booking from respective technician
before appoited machines and lab could be use. Any application on booking must
be approved earlier by FYP supervisor.

3.3 PROJECT PHASE

3.3.1 MATERIAL SELECTION

There are a few materials that need to be supply in order to achieve the objective.
Material selection defines the welding success and quality. Proper material selection
is crucial to avoid process failure and loss. Currently the feasibility for FSW is
limited. The project only uses CNC milling machine to imitate the FSW machine
mechanism, hence the parameters set up was bounded to the milling machine. Since
the milling machine was not equipped with default pin tool, it has to be fabricated.
Another substaral that has to take into account was the based metal used for

producing sample.

As a total, there are two parts that have to be prepared, two materials for pin tool and
based metal. The main factors for choosing these materials are the strength and the
hardness of material. Pin tool material has to be stronger and harder than based
material and also endure great properties in elevated temperature. While the welding

19



take place, the pin tool will penetrate the based metal in stirring motion. Friction
mechaism will generate heat until based metal is plasticize and intermix in circular
motion. Hence, it is important for the pin tool to have high wear resistance and
remain rigid throughout the process.

Material selected as pin tool is Chromium Hot Work Todéeb H13 (H13).
Chromium hotwork tool steels are classified as group H steels by the AISI
classification system. This series of steels start from H1 to H19.H13 was one of the
commonly used metals because it has good properties as a tool. High hargenabilit
excellent wear resistance and hot toughness were among the properties H13
comprised. H13 usually used in hot work process as it has good thermal shock

resistance, drastic temperature change barely affect H13 structure.

As H13 content, molybdenum and vanadium act as strengthening agents while
chromium content aid the alloy to resist softening at high temperature. Aside from its
magnificent properties, H13 have a high marketabilibuad research area. Hence,

H13 was selected as pin tool material.
Tablel H13 Tool Steel Material Composition.

Element ____ Content(%)

Carbon, C 1.40-1.60
Manganese , Mn 0.60
Silicon , Si 0.60
Cobait, Co 1.00

Chromium , Cr 11.00-13.00

Molybdenum , Mo 0.70-1.20
Vanadium, V 1,10
Phosphorus, P 0.03
Nickel, Ni 0.30
Copper, Cu 0.25
Sulphur, S 0.03

Another material chosen as pin tool material is AISI D2 -waddak tool steel. This

type of steel has high carbon and high chromium content which classified in the
group D steels. Group Bteels havep® 1P ¢& v Pof carbon andp ¢ Pof
chromium, except for D3. One of the known criteria of group D steels are they have
high wear resistance as a tool. Although group D steel are brittle, D2 have excellent
hardness value. D2 tool steel was chosen as it suits the properties of pineool, th

most commonly used steel and also available nearby.
20



Aluminium 5083 was chosen as the based metal for friction stir welding. Initially
FSW was developed for ndarrous metal. Nonferrous alleyoften light, strong and
have good corrosion resistance, although they did not suit conventional welding and
require costly preparation for the process. FSW which operatestab w 1t bof

based metal melting point offers joining to nonferrous metal.
Table2 D2 Tool Steel composition

Element

Chromium , Cr 4,75-5.50
Molybdenum , Mo 1.10-1.75
Silicon , Si 0.80-1.20
Vanadium, V 0.80~-1.20
Carbon , C 0.32-0.45
Nickel , Ni 0.30
Copper , Cu 0.25
Manganese , Mn 0.20-0.50
Phosphorus, P 0.03
Sulfur, S 0.03

Aluminium was known for its light weight, remarkable for its low density and also
resistance towards corrosion as results of passivation. Aluminium was applicable
almost in all fields while FSW improve its feasibility of joining. By using friction
mechanism, ndierrous metal can be easily welded hence creating a new branch of

structure engineering.

Among all aluminium series, Aluminium 5083 was considered as one of high
strength series. 5083 grad@s widely used in shipbuilding, pressure vessel, vehicle
bodies and others. Aluminium 5083 stands firm in extreme environment with high
resistant to seawater and also industrial chemical attack. Moreover, aluminium 5083
has excellent marketability aroumdsearch area. Hence, studying aluminium 5083
wormhole formation will improve its effectivity on application.

Table3 Aluminum AA 5083 composition

"~ Gemem | comemp)

Silicon , Si 0.40
Iron , Fe 0.40
Copper, Cu 0.10
Manganese , Mn 0.40-1.00
Magnesium , Mg 4.00-4.90
Zinc, Zn 0.25
Titanium, Ti 0.15
Chromium, Cr 0.05-0.25
Aluminum, Al Balance




Based from supplier informatiomechanical properties of H13 and AA 5083 were

compared above. H13 was 4 times stronger and 3 times harder than AA 5083

material. Hence for friction stir welding of AA 5083, H13 suit the need as pin tool

material.

Table4 tensile strength and Vickers hardness comparison between materials

Properties H13 tool steel
Tensile strength (MPa) 1200
Vickers hardness (HV) 230

D2 tool steel
1650 300
748 70

Figure5 H13 tool steel raw materie

22
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3.3.2 PIN TOOL FABRICATION

In this investigation, two pin tool geometries are going to be tested. They are tapered
pin tool (TP) and haltone pin tool(HC). Both of the pin tools acquire same basic
dimensions. The only difference they had are the probe geometry and also volume

displace by the probe.

There are 2 main parts in pin tool design, the shoulder and the probe. Another part is
the cylinder shapafter the shoulder that used to socket the pin tool to the FSW
machine. All other dimension is kept constant except the probe. For shoulder design,
the diameter was fixed o @ &. The penetration depth was set based on the based
material thickness. Ththickness of AA 5083 plate that was used as based metal
wasp T4 a. Penetration of the probe only requidert b w 1t bof the sample
thickness. For this experiment, it was sefjto Ipenetration; hence the probe length

wasy® & a for both geometries.

Difference in volume displace by the probe for both pin tool geometries was
recorded. As for tapered pin tool, volume displace by the probe was calculated by

using the following equation:

QY Yi
W
o
L G
© o

W puLU DA
Meanwhile volumedisplace by haltone probe was calculated by using the
following equation:
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Based on calculation, tapered probe has more volume thaodmafprobe. Tapered

pin tool coveredr ¢ Bnore volume than lifacone pin tool. Depth of penetration for
both pin tool are the same, however tapered pin tool displace the based material
more than hattone pin tool. Relation between volume displace by the probe and

wormhole formation was investigated.

Tapered pin tol can be considered as conventional pin tool that are commonly use.
Meanwhile halfcone pin tool is rarely used and based from previous researches;
pointed pin tool tested on FSW was only 5 percent of all pin tool geometries.
Therefore, this experiment Wicompare both geometries efficiency for FSW of
AA5083.

Each experimental pin tool were fabricated from raw H13 round bar with diameter of
o T a with length ofp mdata. By using CNC Lathe Machine, numerical coding
was keyed in by respective techniclzased on geometry design. All the process was

done by computer controlled data.

Figure6 tapered pin tool made Figure 9 halcone pin tool
from H13 Tool Steel made from AISI D2 Tool Ste
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3.3.3 HEAT TREATMENT

As to increase FSW success rate, fabricated pin tool was treated with annealing to
remove internal stress and further strengthen it. Annealing alter the samples
microstructure by heating causing change in properties such as strength, hardness
and ductiliy . Process temperature of anneal i ni
transition temperaturéY. Divided into three parts; annealing consist of preheat,
maintaining suitable temperature above glass transition temperature, and cooling

down.

Annealing of fabricated pin tool from H13 material utiliapd 1TtmMperature for 6
hours. increase, there are three reactions that occur on material. Firstly recovery,
where it Glass transition temperaturé, is always below the melting temperature,

“Y. As the temperature soften the metal and remove primary linear defects
(dislocation) and also internal stresses cause by them. Recrystallization occurs
afterwards where new strafree grains nucleate and grow to replace internal
stresses. Once the ctgiization completed and the annealing still going, grain

growth will then occur.

Heat treatment for botpin tool was done by using Carbolite CWF 1100 DegC
Laboratory Chamber Furnace. The furnace was located at heat treatment lab, block

17, UTP. Procede for the heat treatmemtf H13 was mentioned as follows:

1 Each samples were cleaned from impurities
1 Samples were placed steadily inside the furnace. After that, the furnace was
closed.
{1 The heater was set to increase temperatur@ hyx j p ux “Qé¢ak peheat
temperature.
1 After two hours, the temperature was kept constaptatr for 6 hours.
1 After that, samples were let to cool to room temperature in the furnace.
Temperature °C vs. Time (hours)
900
800 ,.' -
700 /
600 f
500 /
400 —+—Temp
300
200 {
100 ff
0o 4 25
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Figure 10 graph of temperature versus time for heat tratment of H13 Tool S



Hea treatment for both pin tool were done separately as it relate to different
material, hence different temperature was applied. Heat treatment for pin tool made

from AISI D2 Tool Steel was done as follows:

i Each samples were cleaned from impurities

1 Sampleswvere placed steadily inside the furnace. After that, the furnace was
closed.

1 The heater was set beat att 1 1tfor 2 hoursas preheat temperature.

1 After two hours, the temperature was kept constaptatrt for 6 hours.

1 After that, samples were let to cool to room temperature in the furnace.

Temperature (°C) vs. Time (hours)
900
800
700
600
500
400 ==Temp
300
200
100

0 1 2 3 4 5 6 7 8 9 10

Figure 11 graph of temperatureersus time for heat treatment of AISI D2 Tool Steel

Mechanical properties were altered by relieving internal stress and refine the
microstructure creating homogenous region. Asesult, pin tool properties were

strengthen and harden than the pin tool before heat treatment.

Figure7 pin tool made from AISI D2 Tool Steel after heat
teratment



3.3.4 SAMPLE PRODUCTION

After the heat treatment, following schedule was producing joint sample from
fabricated pin tool. Until recent April 2015, UTP has not acquired a Friction Stir
Welding machine. Hence previously, all research on FSW was conducted by using
CNC Milling Bridgeport. By that means, feasibility of the project depends on

available machine and apparatus.

Before the welding take place, all tools amdterials were inspected to follave
parameter set up. For each run, two AA 5083 plate withdtd p TTdrd

p @ & dimension will be joined together as butt joint by using experimental pin
tool. Each tool (TP / HC) were used to produce three samples. After that, the joint

structure and wormhole formation was analysed.

Initially, two AA 5083 plates were clamped and secured in a jig as butt joint
arrangement. The jig functioned to hold the plates in place while the welding takes
place. Each sides and top of the plates were clamped with tight in screw. It was
crucial for he plates to remain rigid throughout the process as any vibration or
movement from the plates will affect welding quality. Defect may occur as a result
of clamping error. After the sample plates were secured, FSW was conducted by

using experimental pin tband selected parameters.

All other variables were decided based from previmsearch of successful FSW
butt joint with thickness gb 1@ & with prior to AA 5083. Throughout the
investigation, other specifications were kept constant which the only things that vary
were pin tool geometry and volume displace by the probe. Parameters of Friction Stir

Welding of Aluminum AA 5083 were set as mamied in table below.

Table5 parameter set up for FSW process

Parameter | Remark

Rotational speed (rpm) 1600
Travel speed (™™ [ min) 15
Plunging speed " i) 10
Dwell period (s) 10
Tilting angle ) 0
Penetration depth (mm) -8.5




Manipulative controls for this experiment were the pin tool design and also pin tool
material. While the different in pin tool design manipulate volume displace by the
probe pin tool with tapered design has more volume displaced rather thacohalf

The experiment were divided in to four independent samples.

Table6 sample's pin tool detail

Sample No. Probe Geometry Volume Displace

(mm?)

1 AlSI D2 Tool Steel
1105.84

2 H13 Tool Steel

3 AlSI D2 Tool Steel
1504.30

4 H13 Tool Steel

Each four samples were fabricated by using same FSW machine parameters as
mention previously. After completion of all four samples, the results were then

analysed.

o

Figure8 CNC Bridgeport Milling Machine used to imitaEESW Machine
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3.3.5 TESTING PROCESS

There were two testing procedure that have been conducted on the welding samples.
They are Vickers hardness (HV), and optical microscopy (OM). Initially, the FSW
samples were cross cut@tm & from starting of weldment to reveal wormhole
formation visually. Sizes of wormhole formed were compared from smallest to
largest. Based on wormhole size order, pin tool material and probe design efficiency

for this experiment was decided.

Other than thatmechanical properties of joint fabricated were tested with Vickers
Hardness. Vickers hardness measures sample hardness by indentation principle
which test the samples resistance to deformation due to constant compression load.
The hardness values of tkemple are then calculated from dimension of indentation
left by the load. Hardness value measure the strength of the bond formed between
microstructure where larger HV value indicates finer particle size. However, below

critical grainsize, hardness deases with decreasing grain size.

Besides that, microstructure formation of the samples was revealed by using optical

mi croscopy (OM) magnification. Initially,
Reagent. Samples surface were swabbed with etching sdiottid@ seconds. OM

utilizes light and magnifying lenses to magnify images of small sample. By using

normal light, image were capture by using light sensitive camera. Micrograph was

recorded and analysed.
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CHAPTER 4 : RESULT AND DISCUSSION
4.1FRICTION STIR WELDING RESULTS

In this study, four samples were produced in order to investigate relation between pin
tool geometry with formation of wormhole. There are two pin tool geomdhras

were being tested. Each pin tool design was fabricated from two different materials.

Hence, two samples were obtained from each geometry. Samples pin tool used for
Friction Stir Welding of Aluminum AA5083 were shown below:

Table7 sample's pin tool detall

Sample No. Probe Geometry Volume Displace ..

{ mm? }

1 AlSI D2 Tool Steel
1105.84

2 H13 Tool Steel

3 AlSI D2 Tool Steel
1504.30

4 H13 Tool Steel

In order to extract more knowledge, literature and understanding of FSW of
Aluminum AA5083, the samples were analysed from two different variables. The
samples are group into two investigations as follows

Table8 samples set comparison based on variables

Variables Samples Set Type of investigation

(1&2) To study effect of pin tool geometry on formation of

Pin Tool Geometry Vs wormhole in FSW of Aluminum AA 5083
(3&4)
(1&3) To investigate suitable pin tool material associated with
Pin tool Material VS FSW of Aluminum AAS5083 in reducing wormhole

(2&4) formation

The results were analysed and compared based on formation of wormhole, hardness
of joint and microstructure.

30



Results of FSW of Aluminum AA5083 were shown as follows.

Table9 FSW results for all four samples

Samples No.

As observed, surface of all four weldment were not favourable as predicted from
welding samples of aluminium from other series. Meanwhile other samples had
waves defect and irregular welding surface. This was the result of excess heat
generation which caesthe based metal to melt and spilled outside relative to the
stirring motion. Excess heat generation was due to large shoulder diameter of pin
tool. As a conclusion, shoulder diametewofot & was too big and caused excessive
heat for FSW of AA 5083 whtp 1 & thickness.
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Only sample 2 has almost constant welding surface. Sample 2 has regular surface
formation because the heat input was sufficient and the shoulder barely touch the
plates while the welding take place, hence lower heat amount wasigehérhere

was a clamping error while running sample 2 causing the based metal not align with

the pin tool route. Hence, the penetration of pin tool was not constant.

4.2WORMHOLE FORMATION

Each sample was then cut perpendicularly from welding line to view tunnel defect
spawning. Samples were cutt & inside from the pin tool entrancelmage of
wormhole spawn was as mention below

Tablel0wormhole formation for all four samples

Wormhole Formation
1
z
|
|

Based on visual lmservation, all four samples produce wormhole at welding line
approximatelyt 1 & from pin tool penetration point.Out of all samples, there
were no obvious different between advancing side (AS) weldment and retreating side
(RS) weldment. For all fourasnples, wormholes spawn in the middle of nugget area
where region above and below wormhole was joined completely.
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However, there were apparent different in the size of wormholes formulate. Sample
that produces the smallest wormhole was sample 2. Meanwhile, sample 3 produced
largest cross sectional size of wormhole.

4. 3EFFECT ON PIN TOOL PROFILE

Pin tools with tapexd geometry were compared between material they were
fabricated. It was observe that pin tool made from H13 Tool Steel have more wear
percentage then the pin tool made from AISI D2 Tool Steel. This was because AlSI
D2 Tool Steel perform better performarateelevated temperature with stronger and
harder properties then H13 Tool Steel.

Figure94 tapered pin tool, surface wear comparison

However, for haHcone pin tool, it was observed that H13 Tool Steel has no wear on

its shoulder while AISI D2 tool steel has worn out shoulder surface. This was the
result d clamping error of sample 2 where the pin tool penetration was not constant.
Hence, the work piece barely touches the pin tool shoulder. On the pin tool probe,
H13 tool steel was observe to have more wear percentage than AlISI D2&bol ste

foTe)
Figurel05 hal-cone pin tool, surface wear comparison



4.4 HARDNESS TESTING RESULTS

The samples were cut 40 mm from the pin tool entrakbiero-hardness reading

was taken at 5 different locations for each sample. The locations were at the weld
nugget (ma & from welding line), 2 points at both advancing and retreating side
(T & a andya & from welding line). The results was tabulate below.

Micro-Hardness (HV) vs Distance from
Centre of Weldment (mm)

82

80—

78
~+-Sample 1

76— -»-Sample 2

Sample 3

RS AS —~Sample 4

74

center
-10 -8 -6 -4 -2 0 2 < 6 8 10

Distance from Center of Weldment (mm)

Figurel16 graph of micrehardness versus distance from center of weldment for all samples
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4.5MICROGRAPH ANALYSIS

Image of the weld nugget for each samples weesv in micro scale,g ' &
p ' ¢ ft & andp ft & respectively. Based on thecales, the weld nugget of
each samplevas compared.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION
5.1 ACHIEVED OBJECTIVES

The main objective of this study is to identify pin tool geometry relation with
formation of wormhole in FSW of Aluminum AA5083. Based on 4 samples
produced, the objective was achieved. Wormhole formation from each sample was
reviewed and it was decidedathhalfcone pin tool produce less wormhole size
compared to tapered geometry. Hence, for FSW of AA5083, it is recommended to
utilize halfcone with a pointed probe as pin tool external features.

For each samples, there were five separate location obdmécdness test
conducted. It was observed that area around weld nugget has the lowest hardness
among the sets, while area of retreating side has higher hardness than the advancing
side. As the pin tool travel in stirring motion either clockwise or-elotkwise
direction, the retreating side commonly has high hardness than advancing side
because of the feed of the motion. Plasticize metal at retreating side will be
compacted while the pin tool travel in transverse direction hence improving
microstructureproperties. Area of weld nugget was the least hard because it was the
most heat affected area among others.

Based on optical microscopy observation on the joint, where intermixes
occur, all four samples shown bubtlike void at magnification op 11 & However,
the void shown by sample 1 and 2 were smaller than sample 3 and 4. Thelixebble
voids formed by trapped air during the FSW process. The air bubble was the result of
excessive vibration of pin tool during the process, this was probably bexfatiee
CNC Milling machine was not rigid enough to hold the pin tool while carry out the
process. Hence, conducting FSW by using a real FSW machine was recommended.

Furthermore, this study applied two different material used as pin tool. It was
observethat pin tool made from H13 tool steel produce smaller wormhole than pin
tool made from AISI D2 tool steel. Other than that, AISI D2 tool steel pin tool shows
higher wear percentage on than H13 tool steel pin tool. From these two results it was
recommendethat H13 tool steel was more suitable for FSW of Aluminum AA5083.

Observation on the weld surface shows wave defect at the side of the
weldment surface. This was the result of too much heat generation, where the based
metal liquefied and splash outside as the pin tool stirring. Excessive heat was
produce by the shouldewhere in this case, pin tool shoulder wast G in
diameter. Hence it was decided timatt & shoulder diameter was too big for FSW
of Aluminum AA5083 plates witlp T & thickness.

5.2 RECOMMENDATION

In order to understand pin tool geometry effectflow of plasticize metal, it
was recommended to simulate the process with ANSYS software. From the
simulation, flow pattern from each geometry can be observed. Hence, factors of pin
tool that dictate the flow of plasticize metal can be pointed out.
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Standard Test Method for

APPENDIX

Knoop and Vickers Hardness of Materials?!

This standad is issued underthe y ®d designation E384; the numberimmediately following the designation indicates the year of
origind adogion or, in the case of revision, the yea of lag revision. A number in paenthesesindicats the yea of last reappovd. A
supesaipt epslon () indicates an edtorial changesincethe lag revision or reappovad.

This standard hasbeen approved for useby agendes of the Department of Deferse.

"1 Noted Thetitle was editorially revised in March 2010.

"2 Noted Section A1.5.2 andTable Al.1 and other edtorial comecionswere made throughou in April 2010.

1. Scope*

1.1 Thisted method covers determination of the Knoop and
Vickers hardnessof mateials, the veriycaion of Knoop and
Vickers hardnesstesting machines, and the calibration of
stanchrdized Knoop and Vickerstestblocks.

1.2 This test method covers Knoop and Vickers hardness
testsmadeutilizing testforcesin micro (9.807 3 10° to 9.807
N) (1to 1000gf) andmacro(>9.807to 1176.68N) ( >1 to
120 kgf ) ranges.

Note 18 Previows verdonsof this standardimitedtes forcesto 9.807
N (1 kgf).

1.3 This test method includes all of the requirements to
perform macroVickershardnesgestsaspreviouslyd e ydrnne
Test MethodE92, Stardard Test Methal for Vickers Hardness
Testing.

1.4 This test methal includesan analyss of the possible
sourcesof erors tha can occur during Knoop and Vickers
testingand how thesefactorsaffectthe accurag, repeatability,
andreproducibility of testresuts.

Note 28 While CommitteeE04is primarily concenedwith metds, the
tes procedues describedare appicableto other mateials.

1.5 Unitsd When Knoop and Vickers hardnessteds were
developedhe force levels were speciyed in units of grams-
force (gf) and kilograms-force (kgf). This standards p e ¢
the units of force and length in the International System of
Units (SI); thatis, force in Newtons(N) ard lengthin mm or
um. Howeve, becauseof the historical precedentard conin-
ued common usage force values in gf and kgf units are

1 This test method is unde the jurisdiction of ASTM Committee E04 on
Metallography and is the direct responsbility of Sutcommittee E04.05 on Micro-
indentation HardnessTedging.With this revision the test metod was expandedto
indude the requirements previously d e gdrin E2892, Standad Test Method for
Vickers Hardness Testing of Metallic Material that was under the jurisdction of
E28.06

Current edtion approved Feh 1, 201Q PuHished Felrualy 201Q Originally
approved in 1969. Last previous edtion approved in 2009 as E3841 09. DOI:
10.1520/E0384-10.
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provided for information and much of the discusgon in this
stancard as well as the method of reporting the test results
refersto theseunits.

1.6 This standard doesnot purport to address all of the
safety concerns if any, associated with its use It is the
responsibiity of the user of this standad to egablish appro-
priate safetyand health practicesand determine the applica-
bility of regulaory limitations prior to use.

2. ReferencedDocuments

2.1 ASTM Standads:2

C1326 Test Metha for Knog Indentation Hardnessof
AdvancedCeranmics

C1327 Test Method for Vickers Indentdaion Hardress of
AdvancedCeramics

E3 Guide for Prepartion of Metalographic Spedmens

E7 Teminology Relatingto Metdlography

E29 Pradice for Using Si g nnt Digitain Test Datato
Detemine Conformancewith S p e ationsc

E74 Pradice of Calibration of Force-Measuring Instru-
ments for Verifying the Force Indication of Testing Ma
chines

E92 Test Method for VickersHardness of Metalic Mateii-
as

eE122 Practce for Calculatng Sample Size to Estimate,
With S p e c iPrgadi@h, the Averagefor a Characteistic
of aLot or Proces

E140 Hardnes<Lonversion Tablesfor Metds Relationship
Among Brinell Hardress, Vickers Hardness Rockwell
Hardness,S u p e r fHardnes$,Knoop Hardress, and
Scleoscope Hardness

E175 Terminology of Micros®mpy

E177 Practce for Use of the Terms Precision and Bias in
ASTM Test Methods

2For referencal ASTM standads visit the ASTM webste, www.astm.arg, or
contact ASTM Cusbmer Sewice at service@astm.org. For Annud Book of ASTM
Sandards volume informaion, refer to the standadd ®ocumen Summary pageon
the ASTM webste.



Ay 38417 102

E691 Practce for Corducting an Intedaboraory Stuly to
Detemine the Precisionof a Test Method

E766 Practce for Calibrating the Ma g n i y ofatSdae n
ning ElectronMicroscqe

2.2 1SO Standrds:®

ISO 6507-1 Metalic Mateiialsd Vickers harchess Testd
Pat 1: Test Method

ISO/IEC 17011 Conformity Assesmentd Gereral Require-
ments for Accreditation Bodies Accreditng Conformity
Assesment Bodies

ISO/IEC 17025 General Requirementsfor the Competence
of Teging and Calibration Laboratories

3. Terminology

3.1 Deynitionsd For the standard dey rtions of terms used
in this testmethod,seeTerminology E7.
3.2 Deynitions of Terms Syeciyc to This Sandard:

3.2.1 calibrating, vd detemining the values of thes i g-n i

cant paraneters by comparison with values indicated by a
referencenstrumentor by a se of referencestandards.

3.2.2 Knog hardness number, HK, nd an expression of
hardnessbtainedby dividing the force applied to the Knoop
inderter by the projectedarea of the pemanentindentation
made by the indente.

3.23 Knoop indenter, nd a rhombic-based pyramidal-
shapeddianond indentg with edgeanglesof / A = 172° 308
and/ B = 130° 08 (seeFig. 2).

3.2.4 microindentation hardnesstest nd a hardnesstest
usng a calibrated machineto force a diamond indenter of
spedyc geametry into the surface of the mateaial being
evaluded, in which thetestforcesare9.807 3 10> to 9.807 N
(1 to 1000 gf) and the indentation diagonal or diagmals are

2 Available from Intemationd Orgarizaion for Standadizaion (1ISO), 1, ch. de
la Voie-Creuse Case postle 56, CH-1211, Geneva 20, Switzeland http:/
WWW.iS0.0rg.

measured with a light microsce after load removal; for any
test it is assuned thatthe indentaton doesnot undergo elastic
recovery after force removal. The test resuts are normally in
the Knoop or Vickers scales.

3.2.5 macroindention hardnesstest nd a hardnesgest us
ing a calibrated machine to force an indente of speciyc
geametry into the suiface of the mateial being evaluatedin
which the teg forcesarenormally higherthan9.807N (1 kgf).
Maaoindentdion test scalesinclude Vickers, Rockwell and
Brinell.

Note 38 Use of the term microhadnessshould be avadedbecauset
implies thatthe hardnes, rathe thanthe force or the indertaton size, is
very low.

3.2.6 verifying, vo cheking or testing the instrument to
assure conformancewith the speciycation.

3.2.7 Vickers hardnessnumbe, HV, nd an expressionof
hardnessobtained by dividing the force applied to a Vickers
inderter by the surfaceareaof the permanentindentation made
by the inderter.

3.2.8 Vickersindenternd asquarebasedpyramidal-shaped
diamond indenterwith face angles of 136° (seeFig. 1).

3.2.9 scale nd a speciyc combinaion of inderter (Knoop
or Vickers)and the ted force. For example, HV10 is a scale
d e y ragusinga Vickersindenter and a 10 kgf testforce ard
HK 0.1is a scaledeynedas usinga Knoopindente anda 100
gf testforce. Seeb5.8 for the properreporing of the hardness
level andscale.

3.3 Formulaed The formulae presentedn 5.5 and 5.6 for
cdculating Knoop and Vickers hardness are based upon an
ideal teste. The measuredvalue of the Knoop and Vickers
hardnesof a material is subjectto seweral sources of errors
Basedon Eq 1-9, variations in the appliedforce, geometricd
variations between diamond indente's, and human errorsin
measuring indentdion lengths can affed the calculated mate
rial hadnessTheinpuen@‘aChOf theseparametershason the

orrseY

FIG. 1 Vickers Indenter
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Opm max

FIG. 2 Knoop Indenter

cdculated value of a Knoop or Vickers measuement is
discussd in Section 10.

4. Signi y c aml e

4.1 Hardress testshave been found to be very useful for
materids evauation, quality control of manufacturingpro-
ceses and researchand developnent efforts. Hardness al-
thoughempirical in nature,canbe correlaed to tensilestrength
for many metals, and is an indicator of wear resstanceand
ducility.

4.2 Microindentation hardnesgeds exterd testng to mate
rials that are too thin or too small for macroindentation
hardnessteds. Microindentdion hardnesstess aso allow
spedyc phasesor congtituents and regions or gradientstoo
small for macroindentatiorhardness teging to be evaluated.

4.3 Becaise the Knoop and Vickers hardnesswill reveal
hardnessvariationsthat may exist within a mateial, a single
testvalue may not be representate of the bulk harchess.

4.4 The Vickersindenterusually producesa geometrically
similar indentationat all test forces Exceptfor testsat very
low forcesthat produceindentatons with diagonalssmaller
than about25 pm, the hardnessnumber will be essentially the
same asproducedby Vickersmachineswith test forcesgreate
than 1 kgf, aslong asthe material being testedis reasonably
homogen®us For isotropic mateials, the two diagonalsof a
Vickersindertation are equalin size. Remmmendations for
low force microindentaiton teging can be found in Appertix
X5.

4.5 The Knoop indenterdoes not produ® a geametrically
similar indentdion as a function of teg force Consequentl,
the Knoop hardnesswill vary with test force Due to its
rhombic shapetheindentdion depthis shalower for a Knoop
indertation compared to a Vickersindentationunderidentical
testconditions The two diagaals of a Knoop indentaton are
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markelly different. Ideally, the long diagonal is 7.114 times
longer than the short diagond, but this ratio isinp u e d loye
elastic recovery. Thus, the Knoop indenteris very useful for

evaluding hardnessgradients or thin coaings of sectioned
samples.

5. Principle of Test

5.1 Inthisted method,aKnoopor Vickershardnessiumber
is determined basedon the formation of a relaively small
indertation made in the test surfaceof sanples being evalu-
ated.

5.2 A Knoop or Vickersindente, made from diamond of
spedyc geometry, is pressednto the testspecmen surface by
an accuraely controlled appied force using ted machines
speaycally designedfor suchwork.

5.3 Knoop and Vickers hardnessteding is divided into
micro and macroted force rangesas d e ¥dn

Range Test Force

9.807 3107 to # 9.807 N ( 1 to # 1000 gf)
> 9.807 to # 1176.68 N (> 1 to # 120 Kgf)

Micro

Macro

5.3.1 Knoop scale testing is nomally performed using

micro-rangetestforces(1kg and less) while the Vickersscde
is used over both the micro and macroranges.

Note 40 Theuser shouldconsut with the manufaturer before apply
ing teg forces in the macreranges(over 1 kg) with diamond inderters
previowly used for micro-rangetesting. The diamondmourt may not be
strong enoughto suppot the highertes forcesandthe diamondmay not
be large enoughto produe the larger indentaton sizes

5.4 The size of the indentationis measured using a light
microscopeequipped with a ylar type eyepieceor othertype
of measuimg device (see Terminology E175. Micro-range
inderts are typicaly measuredin pm (micrometeas) and
macro-range indents are measured in mm. The formulas for
both units are given below.
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(um). The Knoop hardnessiumber, in terms of gf andum, is
cdculatedusng the following:

HK 51.000310° 3-P/A | 51.000310° 3P/-c, 3d’! (1)

or
HK 5 142293 P/d? (2
/B
tanT
Indente corstant 5 ¢, 5—/A (3)
2tan7
where:
P = force df,
d = lengthof long diagaal, um,
A = projectedareaof indentaton, um?
/A = includedlongitudinal edgeangle, 172°30 6
/B = includedtransverseedgeangle,130° 0 dseeFig. 2
and,
C = indentercondant relaing projectedarea of the in-

dentdion to the squareof the length of the long
diagonal idedly 0.07028.

NoTe 58 HK valuesfor a1gf (9.8073 10'3 N) testforce arecontaned
in Appendix X6. To obtain HK values when other ted forces are
employed, multiply the HK value from Table X6.1 for thed value by the
actud test force df.

5.5.2 The Knoop hardness, in terms of kgf and mm, is
determined asfollows:

HK 514.2293 P,/d,? (4)

where:
P = force kgf, and
df = lengthof long diagmal, mm.

5.5.3 The Knoop hardnessreported with units of GPa is
determined as follows:

HK 5 0.0142293 P,/d,? (5)

where:
P2 = force N, and
d, = lengthof the long diagonal of the indentdion, mm.

5.6 The Vickers hardnesswumber is basel upon the force
divided by the surfaceareaof the indentation.

5.6.1 For the micro-range Vickers hardnesged loads are
typically in grams-force (gf) and indentdion diagonalsarein
micrometeis (um). TheVickershardnesswmber, in tems of gf
and pm, is calculatedasfollows:

HV 51.000310° 3P/A,52.000310° 3Psin-al2l/d>  (6)

or
HV 5 1854.43 P/d? 7)
where
P = force df,
A = surfaceareaof the indentation pm?,
ds = meandiagonallengthof the indentaton, pm, and
a = faceangle of theindenter, 136° 0 §seeFig. 1).
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employed, multiply the HV value from Table X6.2 for the d valueby the
actud test force df.

5.6.2 Macrorange Vickershardnesss typicaly determined
usng kgf and mm and is calculatedasfollows:

HV 5 1.85443 P,/d,? (8)

where:
P, = force kgf, and
d, meandiagonal length of the indentatons mm.
5.6.3 The Vickers harchess reportedwith units of GPa is
determined asfollows:

NoTe 68 HV numbers for a 1 g (9.807 3 103 N) ted load are
contanedin AppendixX6. To obtainHV valueswhenotherted forces ae
HV 50.00185443 P,/d,>  (9)

where:
P = force N, and
d, = meandiagonal lengthof the indentatons mm.

5.7 It is assunedthat elastic recovery doesnot occurwhen
the indenteris removed after the loading cycle. Thatis, it is
assumed that the indentation retainsthe shape of the indenter
after the force is removed.In Knoopteding, it is assumed that
the ratio of the long diagonalto the short diagonal of the
indertation is the same asfor the indente.

5.8 The symbols HK for Knoop harchess, and HV for
Vickers harchess shal be usedwith the reported numerical
values

5.8.1 For this standard, the hardnesstest results can be
reported in severaldifferent ways. For example, if the Knoop
hardnessvasfoundto be 400, and the testforcewas 100 gf, the
testresuts may be reportedasfollows:

5.8.1.1 In the kilogram force systen: 400 HK 0.1.

5.8.1.2 In the gram force systam: 400 HK 100 gf.

5.8.1.3 In the Sl systan: 3.92 GPa.

5.8.1.4 For nonstandardiwell times otherthan10to 155,
the hardnesswould be reported as 400 HK 0.1 /22. In this case,
22 would bethe actualtime of full load dwell time in seconds.

5.9 Thereported Knoop andVickershardnessiumber shall
be reportedroundel to three signiycart digits in accordace
with PracticeE29 (for example, 725 HV 0.1,99.2HK 1).

6. Apparatus

6.1 Test Maching The test machineshall supportthe test
spedmen and control the movement of the indenterinto the
spedmen undera preseectedtestforce,and shouldhave alight
optical microscopeto selectthe desred test location and to
measure the size of the indentaion producedby the tes. The
plane of the surface ofthetes specmenshauld beperpendicu
lar to the axis of the indenter and the diredion of the force
appication.

6.1.1 Vibration Controld During the enire test cycle, the
test machine should be protectedfrom shod or vibration. To
minimize vibrations the operatorshould avoid contading the
machine in any mannerduring the entire testcycle.

6.2 Vickersindented The ideal Vickers indenter(see Fig.
1) is a highly polished, pointed squarebased pyramidal
diamond with faceanglesof 136° 08. The effectthatgeametri-
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point. The line of junction (offse) betweenopposie facesshdl
not exceel the limits deynedin A1.3.51.

6.3 Knoop Indenterd Theideal Knoagp (seeFig. 2) indenter
is a highly polished, pointed rhombic-based, pyramidal dia-
mond. Theincluded longitudinaledgeanglesare172° 308 and
130°08. Theidealindente constantc,, is 0.07®8. The effect
that geametrical variaions of theseangleshave on the mea
sured valuesof Knoop hardnessare discussedn Section10.

6.3.1 Thefour facesof the Knoopindentershall be equally
inclined to the axis of the indenterand shall meet at a sharp
point. The line of junction (offse) betweenopposte facesshdl
not exceel the limits deynedin A1.3.52.

6.4 Measuing Equipmen® The measuringdeviceshal be
capableof reporting the diagonal lengths to within 0.5 um or
0.5% whicheer is larger. For microindention hardnesstesting
the measiring device should be able to report the diagonal
lengthsin 0.1 um increments.

Note 78 This is the repoted length and not the resdution of the
system usedfor peforming the measuremestAs anexample, if alength
of 200 pm correspong to 300 y & units or pixels, the corresponding
calibraion constahwould be 2000300 = 0.667. This valuewould be used
to compute diagonal lenghs, but the repated lengh would only be
repoted to the neares 0.5 or 0.1 um.

6.4.1 The measuimg device may be anintegrd part of the
testeror a stand aloneinstrument.

6.4.2 The optical portion of the measuring device shauld
haveKohler illumination (seeAppendix X1).

6.4.3 To obtain maximum resdution, the measuimg micro-
scope shouldhaveadjustabldlluminationintensity, adjustable
alignment, aperture andy e ldidphrams.

6.4.4 Mag n i jomsahbuld be providedso that the diago
na canbeenlargedto greaterthan25 % but lessthan75 % of
they e lwidth.

6.5 Veriycationsd All tegersand indentersusedto perfam
Knoop andVickershardnesgsess shall meetthe requirements
d e y nneAdinexAl prior to performing hardnesgests

7. Test Specimen

7.1 There is no standard shapeor size for a Knoop or
Vickerstest specimen. The specimen on which the indertation
is made shouldconfom to the following:

7.1.1 Preparationd For optimum accuracyof measurment,
thetestshould be performedonalp aspecmenwith apolishel
or otherwise sutably preparedsurface. The quality of the

heatng or cold work. Same materials are more sensitve to
prepardion-induced damage than others therefore spedal
precautons mustbe taken during specimenpreparationSpeck
men preparationmust remove any damage introdwed during
thesesteps.

7.1.1.2 The specinen surface should not be etched before
making an indentation. Etched surfacescanobscurethe edge of
theindentation, makingan accuratemeasurmentof the size of
the indentaton difficult. However, when detemining the mi-
croindentdion hardnessof an isolatedphase or congituent, a
light etch canbe usedto delineae the object of interest

7.1.2 Alignmen® To obtain usable informaton from the
test the spedmen should be preparedor mounted so that the
testsurfaceis perpendiculato the axis of theindente. This can
readily be accanplished by surface grinding (or othemwise
machining) the oppodte side of the specimen parallel with the
side to be tested Non-parallé samples can be testedusing
clampingandleveingy x itesidesignedo align thetestsurface
propetly to the indenter.

7.1.3 Mounted Sanplesd In many instancesit is neassary
to mount the specimen for conveniencein preparaion and to
maintain a sharpedge when suiface gradienttestsare to be
performed on the sample. When mounting is required, the
spedmen must be adeaiately supportedby the mounting
medium so that the specmen does not move during force
appication, that is, avoid the use of polymeric mounting
compoundsthat creepunder the indenter force.

7.1.4 Thicknes8 the thicknessof the specmen testedshal
be suchthat no bulge or other marking showing the effect of
the teg force appearson the side of the piece opposte the
indertation. The thicknessof the matetial undertest shauld be
at leag tentimesthe depth otheindentaion. Thisis alsoto be
usedas a guiddine for the minimum depthof a coatingon a
materid.

7.1.5 Radiusof Curvature 8 duecauton should be usedin
interpretng or acceptingthe resuls of testsmade on spherical
or cylindrical surfaces Resuts will be affectedevenin thecase
of the Knogp test where the radius of curvatureis in the
direction of the short diagonal. Table 1 provides corredion
factorsthat shal be appliedwhen performing Vickerstest on
sphetical surfaces.

Note 80 A method for correding Vickers hardnessreadngs takenon
spheical or cylindrical surfaces can be found in the Interndiond
Organization for Standardizatin (ISO) Vickers Hardress Standaid

required surfaceynish can vary with the forcesandma g i YISO 65071).

cdions used. The lower the test force and the smaller the
indertation size, the more critical is the surface preparaion.
Specimen preparatiorshouldbe performed in accordace with
applcable secton of Guide E3. In all tests the preparation
should be suchthat the indentation perimete and the indenta
tion tipsin paricular, can be clearlyd engdwhen obseved by
the measuing system.

7.1.1.1 The test surfaceshdl be free of any defectsthat
could affed the indentaton or the subsguentmeasurenent of
the diagonals. It is well known that improper grinding and
polishingmethods canalter testresuts either due to excesive
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8. Procedue

8.1 Test temperatued Knoop and Vickers hardnesstests
should be caried outat a emperature within the limits of 10to
35°C (50 to 95°F). Because variations within this temperature
range may affect results, usersmay chooseto control tempera
ture within a tighter range.

8.2 Indente® Selectthe desred indenter, either Knogp or
Vickers to suitthe desied testscaleto be perfomed. Referto
the manufactureds instructon manuwal for the properprocedure
if it is necessaryo chang indenters
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TABLE 1 Correction Factors for Use in Vickers Hardness Tests
Made on Spherical Surfaces

Convex Surface Concave Surface

d/o” Correction Factor d/o” Correction
Factor
0.004 0.995 0.004 1.005
0.009 0.990 0.008 1.010
0.013 0.985 0.012 1.015
0.018 0.980 0.016 1.020
0.023 0.975 0.020 1.025
0.028 0.970 0.024 1.030
0.033 0.965 0.028 1.035
0.038 0.960 0.031 1.040
0.043 0.955 0.035 1.045
0.049 0.950 0.038 1.050
0.055 0.945 0.041 1.055
0.061 0.940 0.045 1.060
0.067 0.935 0.048 1.065
0.073 0.930 0.051 1.070
0.079 0.925 0.054 1.075
0.086 0.920 0.057 1.080
0.093 0.915 0.060 1.085
0.100 0.910 0.063 1.090
0.107 0.905 0.066 1.095
0.114 0.900 0.069 1.100
0.122 0.895 0.071 1.105
0.130 0.890 0.074 1.110
0.139 0.885 0.077 1.115
0.147 0.880 0.079 1.200
0.156 0.875 0.082 1.125
0.165 0.870 0.084 1.130
0.175 0.865 0.087 1.135
0.185 0.860 0.089 1.140
0.195 0.855 0.091 1.145
0.206 0.850 0.094 1.150

AD = diameter of sphere in millimeters.
d = mean diagonal of indentation in millimeters.

8.2.1 After eachcharge, or removal ard replacemert, of the
inderter it is recanmerded that a daiy veriycation be per-
formed asd engdin A1.5. At leag two preliminary indenta-
tions should be made to ensurethat the indenteris seated
propetly. The resuts of the preliminary indentations shal be
disregardd.

8.2.2 Occasonally cleanthe indenterwith a cotton swab
and alcolol. Avoid creating static chages during cleaning.
Indening a piece of paperwill often remove oil from the
inderter

8.2.3 Indenters should be examined petiodically and re-
placed if they becane worn, dulled chippel, cracked or
separated from the mounting materid. Checksof the indenter
by the user may be performed by visual inspectionof the
resuling indentation;it is sufficient to verify the absenceof
defeds from the shapeof indertationsperformedon ted blocks

8.3 Magnitude of Test Forced Seled the desiredtestforce
on the testerby following the manufactures instructons

8.3.1 After eachchangeof a testforce, it is recanmended
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8.4 Mountthe specima to the tegerd Mountthe specmen
on the teste stage or place it in the top-surface indexel
mounting y x t wom #he stage so that the ted surfaceis
perpendiculato the inderter axis

8.5 Locatethetestpointd Focusthe measuringmicroscope
with alow power objectivesothat the specmensufacecan be
observedAdjug the light intensty and adust the diaphragns
for optimum resoluton andcontrast Adjust the positon of the
sample so that the indentaion will be madein the dedred
location on the ted surface.Beforeapplyingthe force, makea
y n afdcus using the measuring objectve or the highest
magniycaion objectiveavailable

8.6 Force Applicationd Apply the selected tes force as
follows without shock or vibration:

8.6.1 For micro teg force rangetesting, the indenta shal
contad the specimenat a velocity between15 and 70 unmv/s. For
macro test force rangesthe contad velocity shouldnot exceed
0.2 mms.

8.6.2 Thetime from the initial application of the force until
the full testforce is readed shall not be more than10 s.

8.6.3 Thefull testforceshall beappliedfor 10 to 15 sunless
otherwises peci yed.

8.6.3.1 For some applicdions it may be necessaryo apply
the testforce for longertimes In theseinstancesthe tolerance
for thetime of the appliedforce shall be 6 2 s. Theapplication
time shallbe d e ydrinethe report

8.6.4 Remove the teg force without shock or vibration.

8.7 Testlocationd After theforce is removed, switchto the
measuring mode, and select the proper objective lens. Foaus
theimage,adust thelight intensty if necesary, andadjustthe
diaphragnms for maximum resoluton and contras.
that the operation of the machinebe checkedby performing a
daly veriycation asdeynedin A1.5.

8.7.1 Examine theindentationfor its postion relativeto the
desred locdion andfor its symmetry.

8.7.2 If theindentdion did not occurat the desiredspot,the
testeris out of alignment Consultthe manufadure r idistruc-
tion manual for the proper procedire to produce alignment
Makeanotherindentaiton and rechek theindentaion locaton.
Readjustard repeatasnecessar

8.8 Indentaton examination:

8.8.1 For a Knoop indentdion, if one half of the long
diagonalis greder than 10 % longerthanthe othe, or if both
endsof theindentationare not in sharpfocus,theteg specimen
surface may not be perpendiculatto the indenteraxis. Check
the specimen alignment and make anothertest. Indents that
exceedthe 10% limit should be notedin the teg report.

8.8.2 For a Vickersindentation, if one half of either diago
nd is morethan5 % longer thanthe otherhalf of thatdiagonal,
or if the four cornersof the indentationarenot in sharp focus,
the testsurfacemay not be perpendicular to the inderter axs.
Ched the specimen alignment and make anotherted. Indents
that exceedthe 5% limit should be notedin the testreport.

8.8.3 If the diagonallegsare unequ asdescribedn 8.8.1
or 8.8.2 rotatethe specmen 90° ard make anotherindentation
in an untestedregion. If the nonsynmetrical asped of the
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8.8.4 Some mateials may have nonsymmetrical indenta
tions even if the indenter and the specimen surface are
perfectly aligned. Tests on single crygals or on textured
materids may producesuch resuts. When this occurs,check
thealignmentusingatestspecimen,suchas a sardardized test
block, known to produce uniformly shaped indentations.
Testers that do not perform symmetricd indents on those
spedmens shall not be useduntil they meetthe requirenentsof
sections 8.8.1 and 8.8.2

8.8.5 Brittle mateiials such as ceranics may crack as a
resultof beingindented S p e cdetgils for testing ceramics
are containedin Test Methods C1326 and C1327.

8.9 indentaion Measuement

8.9.1 Measure the long diagonalof a Knogp indentation, or
both diagonals of a Vickers indentaion, by operatng the
measuring device in accordancewith the manufadure r in-s
struction mantal.

8.9.2 Deteminethe length of thediagonalsto 0.5 um or less
(seeb.4).

8.9.3 For the Vickersindentaitons average thetwo diagonal
length measurenents.

8.10 Knoop or Vickershardness calculdion:

8.10.1 Compute the Knoop or Vickers hardness number
using the appropriate equation in 5.5 or 5.6 or Table X6.1 or
Table X6.2, respective). Table X6.1 andTable X6.2 show the
Knoop or Vickers hardness for indentations with diagonal
lengths from 1 to 200.9 um usng 1 gf. If the force wasnot 1
of, multiply the value from Table X6.1 or Table X6.2 by the
acdual gram-force valueto obtain the comrecthardnessnumber.

8.11 Spacing of Indertationsd Generally more than one
indertation is madeon atestspecimen. It is necessaryto ensure
that the spacingbetween indentationsis large enaugh so that
adacentteds do not interferewith eachother.

8.11.1 For most teging purposes,the minimum recan-
mendedspacing beveenseparde tests and minimum distance
between an indentation and the edge of the specima are
illustratedin Fig. 3.

8.11.2 For same applications,closerspacingof indertations
than thoseshown in Fig. 3 may be desired.If closerindentaion
spadng is usal, it shall be the respnsgbility of the testing
laboratory to verify the acairacy of the testingprocedure.

9. Report

9.1 Report the following informaton:

9.1.1 Thereallts (see5.8), the number of teds, ard, where
appropride, the mean and standarddeviation of the resuls,

9.1.2 Test force,

9.1.3 Thetotd forceapplicaton time if outsidethe limits of
10to 15sasd engdin 8.6.3.

9.1.4 Any unusud conditions encountered during the test,
and

9.1.5 The test temperaure, when the outside the recom-
mended allowable rangeof 10°C to 35°C (50°F to 95°F).

10. Precision and Bias

10.1 The precison and biasof KnoopandVickers hardness
measurements depeml on strict adherenceto the stated test
procedureand are i n nmee@ by instrumentd and material
factorsand indentationmeasurenent errors

10.2 The consigency of agreenentfor repeatedests on the
same material is dependenton the homogereity of the materal,
reproducibility of the hardnessteste, and consstent, careful
measurement of the indents by a competentoperatao.

10.3 Instrumentalfactors that can affecttestresults include:
accuracyof loading; inertia effects; speedof loading; vibra-
tions; the angle of indentation; lateral movement of the
inderter or specimen; indentation ard indenter shapedevia-
tions.

25dW
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FIG. 3 Minimum Recommended Spacing for Knoop and Vickers Indentations
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10.3.1 Vibrations during indentingwill produce larger in-
dentdions with thei rugnceof vibrations becaning larger as
the force decreasesl, 2).4

10.3.2 The amgle between the indenteraxis and spedmen
surface should be within 2° of perpendicular. Greateramounts
of tilting produce nonunifom indentatons and invalid test
results

104 Mateial factors that can affect test reslts include:
spedmen homogenety, orientation or textureeffects improper
spedmen preparaion; low specima surface repecivity; trans
parencyof the specimen.

10.4.1 Residual deformation from mechanical polishing
must be removed, particulary for low-force testng.

10.4.2 Distortion of the indentation shapedue to either
crystallographicor microstuctural textureinpuencesdiagonal
lergths and the validity of the calculatedhardness

10.4.3 Plastic deformation during indenting can produce
ridging arourd the indentdion peripherythat will affectdiago-
nd measurenentaccurag.

10.4.4 Testing of etchedsurfacesdependingon the extent
of etching, can produceresults that are differentfrom those
obtdaned on unetchedsurfaces (1).

10.5 Measurenenterrors thatcan affectted resultsinclude:
inaccurae calibraion of the measumg device; inadequate

resolving power of the objective; insuficientma gni ycat i

operdor bias in sizing the indentatons poor image quality;
nonunifom illumination, improper zeroing of the measiring
device

10.5.1 Theaccuracyf Knoop and Vickers hardnessestng
isstrongly in p ocedby theaccuracyto whichtheindenations
canbe measured

10.5.2 Theeror in measuring theliagonals increases the
numerical aperture othe measuring objectivedecreasegs, 4).

10.5.3 Biasis introducedif the operdor consistenty under-
sizesor oversizeghe indentations.

10.6 Same of the factors that affed teg resuts produce
systematic errors that inpuenceall test results while others
primarily i n phae éow-force test resuts (5). Same of these
problems occurcontinualy, othersmay occurin anu n dnedy
sporadc manne. Low force hardnesdestsarei n mee@by
thesefactors to a greaterextent than high force tests.

10.7 For both the Vickers and Knoop hardnesgests, the
cdculated hardress is a function of three variables: force,
inderter geometry and diagonal measurement. Total differen
tials of the equationsusedto calculatethe hardnesscanbe used
to evaluatethe effed variationsin these paraneters cancause.

10.7.1 Vicker® using Eq 6, the total differential for the
Vickershardress number is:

dvs S%—\;D dP1 S]]—XD dd1 S]]—\;D da

and
S%—ZD 52310° 3d? 3sin S%D (11)

(10)
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4The bddface ndmbes in prerthess refer to the list of réferences at the end 6

thisstandad.s] dD 5i4310° 3P3d”sin SZD(lz)

1V

Ta/ 510 3P3d” cos S?D (13)

Foramaterial havingahardnes®f 500 HV whentestedwith
a500§f Barce,d = 43.06 ym, a = 136°,ard

=0.92718&.

10.7.1.1 Considerintrodwcing a 1 % error into the hardress
of the materid through anerrorin either the applied force, the
inderter constant or themeasured idgonallength. In this case,
the hardnessvould be HV8 = 505 or dV = 5. Using Eq 11-13,
the correspanding errors in the various parameters are as
shown in Table 2. Thus a 1 % changein P or a 2.836 % errar
in a createsa 1% error in the Vickers hardress number.
Howeve, only a 0.5% error in the measureddiagonal is
neededo createa 1 % error in Vickershardess. Furthermore,
this analysisindicatesthat the calculded Vickers hardness
numberis not strongly inp u eed ly errars in the angleof the
inderter.

10.7.2 Knoopd Similarly, usingEq 1, it follows that:

on; dKSS]]—ngPls%—fDdcp 18]]—P;Ddd

10° P 1103 P i2310° P
c, d ¢ d c, &

andsincethe indenterhastwo differentangles A and B,

dc, 5 S]]—(}D da1 S]]—,C?,ED dB

sn —

(14)

dg, 1 dd (15)

(16)
370 vian 7]
17 54$in2 7 (17)
and
3190 w0
178 546032 728 (18)

10.7.2.1 Using the differerials cited in 10.7.2 for the
Knooptest at variousforces,foral % error in hardnessthatis,
HK = 505 or dK = 5, the comregonding errorsin the force,
diagonal measurenent and indente angle are as shawvn in
Table 3. From this analysisit followstha 1 % error in P credes

TABLE 2 Vickers Hardness Analysisd 1 % Error

1 % Error
Force, gf Diagonal, pm D P, gof D Diagonal, pm D Angle, °
10 6.090 0.100 10.030 2.836
20 8.612 0.200 10.043 2.836
50 13.617 0.499 10.068 2.836
100 19.258 0.999 10.096 2.836
200 27.235 1.998 10.136 2.836
500 43.062 4.994 10.215 2.836
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— TABLE 3 Knoop Hardness Analysisd 1 % Error

1 % Error

Force, gm Diagonal, um D P ¢f D d|i%:)nal, DA, ° DB,*°
10 16.87 0.10 10.08 0.075 0.439

20 23.86 0.20 10.12 0.075 0.439

50 37.72 0.50 10.19 0.075 0.439
100 53.35 1.00 10.27 0.075 0.439
200 75.45 2.00 10.38 0.075 0.439
500 119.29 5.00 10.60 0.075 0.439
1000 168.71 10.00 10.84 0.075 0.439

48 309 268 209

al % errorin HK, 0.5 % error in themeasurediiagonalcreaes
al%errorinHK, and1 % errorin c createsal % error in HK.

10.7.2.2 Since the indenterconstantis composedof terms
from two differentangles,eithera 48 39 error in ZA, or a 268
20 error in /B prodwes a 1% error in HK. Unlike the
Vickers indenter, the calculded Knogp hardness number is
very stronglyi n p eeeby small errorsin the two angles of
theindenter. The A angle,172°308 009, is the mog sensiive of
theseparaneters The actualvaue of c, for eachindentercan
becalculatedusingthe certiyed A andB anglesprovidedby the
inderter manufadurer. This will enhance the acarracy of the
testmeasurenents

10.8 Over aperiodof severalyears four separatenterabo-
ratory studieshavebeenconductedn accordance with Pracice
E691 to detemine the precision, repeatabity, and reproduc
ibility of this test method. The four studiesare d e gdnas
follows:
a) KnoopandVickers tests six testforcesin the micro range,
twelve laboratores, manwl measirements, seven different
hardnesdevel sanples Seel0.8.1 andAppendix X3.
b) Knoop and Vickersteds, two teg forces in the micro range,
seven laboratories ImageAnalysis and manualmeasurements,
four different hardness$evel samples.Seel0.8.2 and Appendix
X4,
¢) KnoopandVickers tests six testforcesin the micro range,
twentyy v Eboratores, manual measurenents, six different
hardnesdevel samples See10.8.3.
d) Vickers tests, four test forcesin the maao range, seven
laboratories manual measurenents three different hardness
level samples.See 10.8.4

10.8.1 An interlaboratory ted progran was corducted in
accordancevith Pradice E691 to developinformation regard
ing the precison, repetability, and reproduciblity of the
measurement of Knoop and Vickers indentationsin the micro
ranges. The testforceswere 25, 50, 100, 200, 500, and 1000
of on three ferrous and four nonferrous specmens (6, 7).
Twelve labordories measuredthe indentatons y v ef each
type at eachforce on eachsample. Additional detals of this
study are given in AppendixX3.

10.8.1.1 Tests of the three ferrous specmensrevealedthat
nine laboraories produed similar measirements while two
laboratoriesconsisently undersized the indentations and one
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5 Supprting data have beenyled at ASTM Internationa Headagarters and may
be obtained by requeging Reseach Repot RR:E041004

laboratory consitently oversizedthe indentdions. Theselatter
results were most pronounced as the force decrease and
spedmen hardnessincreased (that is, as the diagonal size
decreasedpnd were observe for both Vickers and Knoop
indertations. Resuls for the lower hardnessionferrousinden
tations produced better agreement. Howeve, none of the
laboratoriesthatobtained higher or lower results on the ferrous
spedmens measuredhe nonferous indentations

10.8.1.2 Repeatabiity Intervadd The difference due to test
error between two test resuts in the same laboraory on the
same material increases with increasingspecimenhardnessand
with decreasingestforce (seeX3.4.4).

10.8.1.3 Reproduciblity Intervald The difference in test
resultson the same materal tested in different laboréories
increasd with increasingspecimen hardness andwith decreas
ing ted force (seeX3.4.5).

10.8.1.4 The within-laboratory and between-laboratory pre-
cision valuesimproved as specimen hardnessdecreasecdand
test force increasedThe repeatabity interval ard reprodue
ibility interval were generallylarger than the predsion esti-
mate, patticulady at low teg forcesand high specima hard-
nesse.

10.8.2 Image Analysis Measuement® An interlaboratory
testprogran wasconducted in accordancewith Pradice E691
to developinformation regardingthe repeatabity and repro
ducihbility of Knoop and Vickers measurenents made with
auomated Image Analyds systens and manual procedures.
Four ferrous specimas were usedin the round robin. The test
were conductedat 100 gf and 300 gf. The partidpants in the
test progran measired the same indentatons on the four
spedmens. Seven labs measuredthe specmens using both
proceduresThe Knoop indentatons on specimen C1 weretoo
long for accurate measurenent to be madeby onelab; hence
only six setsof measurenents were made on this specmen.
Near the end of the test program, specimen B1 was lost in
shipping; thusonly six setsof measurmentsweremadeon this
spedmen. Additional details of the study are containedin
Appendix X4,

10.8.2.1 Repeatabity concernsthe variabiity betveenin-
dividua ted resuts obtaned within a single laboratay by a
single operaor with a spedyc setof testapparatusFor both
the manual and autanated measurenents the repetability
intervalincreased with specima hardnessind decreasinged
force, Apperdix X4. For equivalentteding condiions, the
repedability intervalfor auomated measirements wasslightly
larger thanfor manud measurenents.

10.8.2.2 Reproduibility dealswith the variability between
single testresuts obtainedby differentlaboratores applying
the same test methodsto the sane or similar tes specmens
For both the manualand autanated measurenents,the repro
ducihility interval increasedwith specinen hardnessand de-
creasing test force, Appendix X4. For equivalent testing
condtions, thereproducibility intervalfor autanated measire-
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the marual and autanated proceduresHoweva, this informa-
tion is graphically representedbr comparative purposes X4.6.

10.8.3 The precison of this tes method is basedon an
interlaboratorystudy of E384-07, StandardTest Method for
Microindentation Hardhess of Materials, corducted in 2007.
Twenty-yve laboratorestesteda totd of six ferrousmaterials
for Vickers Hardness and thirteen laboratories submitted
Knoop Hardnesgesuts. Every i t teesult wasrecordedand
the laboratory means represent an averageof yve individual
determinations (for Knoop) or y v eeparée measurenent,
eachthe averageof two realings (for Vickers) Pracice E691
wasfollowedfor the design and andysis of the data; the details
are givenin ASTM ResearchReportNo. E04-1006°

10.8.3.1 Repeatabiity limit (r)0 Two test resultsobtaned
within one laboratoryshall be judged not equivalentif they
differ by more thanthe i r value for that materia; f r i®the
interval representingthe critical differencebetweentwo test
resultsfor the same mateiia, obtainedby the same operaor
usng the same equipment on the same day in the same
laboratoty.

© Supporting data have beenyled at ASTM International Headgiarters and may
be obtained by requeging Reseach Repot RR:E041006

10.8.3.2 Repeatabity limits in diagma lengths (um) are
listed Table 4 and Table 5 andin hardnessunits (HK, HV) in
Table 6 and Table 7.

10.8.3.3 Reproducibiity limit (R)d Two testresults shal be
judgednot equivalentif theydiffer by morethanthe i Relue
for tha materal; fiRO is the interval representinghe critical
difference betwee two test results for the same material,
obtdaned by different operators using different equipmert in
differentlaboratores.

10.8.3.4 Reproduibility limitsin diagonallengths(um) are
listed in Table 4 and Table 5 and Fig. 4 and Fig. 5 and in
hardnessinits (HK, HV) in Table 6 andTable 7 andFig. 6 ard
Fig. 7.

10.8.3.5 The alove terms(repeatabilty limit andreproduc
ibility limit) areusedass p e c in Pracice E177.

10.8.3.6 Any judgmeit in accordane with statemerts
10.8.3.1 ard 10.8.3.3 would have an approximate 95% prob-
ahlity of being correct

10.8.3.7 The precision statanent was detemined throuch
statistical examination of resuts from twenty-y v laboratoris,
on six ferrous mateials. These six ferrous mateiials were
descibed as:
SpecimenA: H13, mill ameded, hardnesdessthan20 HRC

TABLE 4 Precision Statistics for an Interlaboratory Study of the Knoop Microindentation Hardness Test for Ferrous Specimens in
Diagonal Units (um)

Specimen Test Force 500 Average 88.27 Standard Repeatability 0.66 0.75
(of) 100 Diagonal 126.96 Deviation (um) Standard Reproducibility
0 (um) Deviation Standard
S, (um) Deviation  (um)
d 140 133 Sr Sw
A 25 35.61 1.65 2.63 0.72 1.54
50 51.77 2.07 1.72 111 1.66
100 74.84 0.95 0.94 1.77 2.28
300 132.28 1.12 1.39 2.57 3.50
500 171.51 1.68 1.65 2.46 3.02
1000 243.11 1.33 1.14 2.96 3.16
B 25 23.66 1.05 1.25 0.48 1.04
50 34.33 1.50 1.79 0.56 1.07
100 49.61 1.04 0.85 0.65 1.26
300 88.64 1.08 0.94 0.88 1.59
500 115.48 1.16 2.03 111 1.95
1000 164.38 0.72 1.00 1.52 2.14
C 25 27.62 1.15 1.00 0.49 1.41
50 39.47 1.06 1.27 0.50 1.22
100 56.66 0.88 1.03 0.64 1.20
300 100.14 1.45 1.39 0.81 1.44
500 130.19 1.111.47 0.83 1.68
1000 184.84 1.19 2.08
D 25 31.04 0.46 1.11
50 44.64 0.46 0.95
100 64.22 0.67 1.24
300 113.94 0.82 1.19
500 148.16 0.74 1.33
1000 210.10 1.64 2.50
E 25 20.02 0.48 0.84
50 29.03 0.48 1.09
100 42.21 0.52 1.24
300 76.03 0.53 1.11
500 99.25 0.49 1.15
1000 141.67 0.85 1.48
T 25 17.14 0.48 0.98
50 25.59 0.47 1.12
100 37.20 0.52 1.52
300 67.43 0.65
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