Abstract

Process apability, which is an important concept within s&ical process control
(SPC)describes e.g.the ability ofa heat treatmentprocess to produce components
within tolerances

In this report, the capability ofgas carburizing incontinuous furnace has been

studied considering aseries of quality parameters. The outcome fom these
parametersdescribes how capabléhe procesds to producecomponentswithin the

tolerance limits The parameters of interest @arcasehardeningdepth, @re hardness,
surfacehardnessand surfacecarbon content.These parametersare measured on
dummy test amples

In order to achievebetter understandingof processcapability for heat treatment
processesother parameters such afsirnace temperature furnace atmosphereor
carbon potentialand the quality of thesteel material should also be included.dfg.
the furnace temperature is too high or too low, it will have influenon the final
results.

In this project, temperature uniformity weastudiedin accordance witlstandardAMS
275(D. ADatapaq with ten thermocouples was usedduringthe studieswith which
the temperatures were logged at different positionsn the stackingtrays and over
the entire length of the furnace. The furnace temperature was within theecified
tolerances however, significant differences within each traogkeach of the furnaces
were recordel. One of the furnacess designedwith two paralkl tracks while the
other has three parallel tracks.The temperature uniformity surveywill give
information about how processcapalility is influencel by the variation of the
temperaturein the furnace
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1. Introduction

The requiremerdg and standardsvhichare used for quality control of heat treatment
process have been reinforced by the emergence of new standards9 ¢l
(Continuous Quality Improvements) which wateveloped by the AIAG (The
Automotive Industry Action Group) addressed to the suppliers in the automotive
industry that purchases heatrocessed components. AMS 27580s the procedure

for which how a temperature uniformity measurement (Temperature ahnif Survey,
TUS) should be implemented.

To achieve these requirements, there are a series of tools such as MSA
(Measurement Systems Analysi$), SPC (Statistical Process Contf8]) APQP
(Advanced Product Quality Planning) and PPAP (Production RandvAp Process)
that are used A application of these toal in heat treatment iscomplicated and
sometimes virtually impossible, as in the case of @R€e heat treatmentprocess
would be controlled by a few parameteesg. hardnessand surface carbon cdent.
Thesetwo parameterscan be measuredonly after the heat treatmentprocessis
finished, thus destructive testing and wasted componentsra necessaryln most
cases itis not enough with onlgxaminationof two parameters of the componeagt
but several other parameters shoullso be included inthe analysis to obtain a
comprehensive view as to whether the process is under statistical control or not.

Capability studes can evaluatehow well a machine or process tapable of
produdng components within the given tolerance limits An effective quality
management system shoulassurethe quality of thecomponentsbased ontaking
appropriate corrective actiomand measurement resut The toolsused primarilyare

to determine whether themachine is suitable for prodirg within the intended
tolerance limits. Normallyit is assumed that theorocess outcomes are normally
distributed, which is a great advantage when calculating capability indices, but
calculations can also be made for othelistributions. However, thenormal
distribution shouldbe identifiedat first.



1.1. Background

Surface hardening is defined as a way of improvirechanicalpropetrties such as
strength, hardnessand wearresistance ofcomponents.In order toimprove these
properties of the component surface and maintain the tougtss of the corecase
hardeningtarburizingnethod iswidely used.

After surface hardening process several parameters are measured on components.
These paramters are surface carbooontent (wt %C), casehardeningdepth (CHD),
surfacehardnessand core hardnesOnly if the parameterare within the specified
tolerance limits, the batchcan be approved. Themeasurementresults of these
parameters are usually subjected tariations The process capability is theility of

a process tomeet specification limits. Usually process capability is expressed by
process capabilitindices such as Cp, Cpk, Cjamg process performandedices Pp,
Ppk and Ppm. Cp and Cpk indicptecess caplaility indiceswhich take subgroup
sizesinto account thus wsing ostandard deviationswithing, however, process
performance indice?p and Ppk which ignore theriations within subgrougbut
take the overall process into consideration, thus Pp and Ppkcateulated by
ostandard deviation overall The differences of the standard deviatidwithing and
ooveralk, seein Section 2.3.3.

CQ19 (Continuous Quality Improvementd)SO / TS 16949: 20Gthd AMS 2750D
which are the standardsused for evaluation and standardizingheat treatment

process however, mne of the standardlescribes howemperature data should be

analyzedand what problems might arise and therefoshould be avoided. This
report addresed two different cass, one carried outat Getrag AWDAB in Képing

andthe other wasperformedat VCE (Volvo Construction Equipmentlskilstuna

For capabilitystudiesin VCE a complete analysiwascarried outwhich @nsised of
process capability studgnd TUSTemperature Uniformity Survgyn 2010 while at
Getragonly TUS wagerformed in 2010 but the results from 2009 wer partly
presented forcomparison Thesample materialused at Getrag and VCIE V-2158
(VolvoStandardhardnessclass60) which s a low alloy steel and the sampteaterial
isof the same chemical composition

In processcapability study, only themain furnaces were studied which @ not

include the complete heat treatment process.The results rom test samples were

comparedwith the set target and tolerancémits. In this project, therenvere a series
of tools e.g. capablystudies cubesand TUSusedto show how theseshould be

applied to heat treatment for the determinatioof processcapability.



1.2. Objectives
1.2.1. Primary Goal

The project aim at exploling the possibility of a suitable methotb improve the
process capability studs in hea treatment processand identifyingthe quality
parameters that should be included tine analysisA further aimisto try to develop
a methodology for howwemperaturedata should beanalyzedn accordancewith the
standard AMS 2750 @, whichis normally used to examine thaniformity of the
temperature inthe stable working zone.

1.2.2. Secondary Goal

The secondary goas ito try to analyzefurnaces to check if theres a problem and

find out possibleinteractions and connections betweerapability parameters and
mean temperatures in the stable zoneBeside, to develop a road map fofuture

process apability studies ohardening processs isalsoof interest

1.3. Delimitation s

The poject was defined to investigatprocesscapabilityof gascarburizingprocess
The studydoesnot includeother hardeningmethods the process change over time,
nor consides input raw samplematerial. For temgerature uniformity survey(TUS,
only the mainfurnaceis studied whit refersto carburizing andliffusionzones, thus
pre-oxidizing, preheating, oil quenching, postashing andtempering are not
investigated within thistudy.






2. Theoretical

2.1. Heat Treatment Processes

The definition of heat treatment fromIFHTSE (International Federation for Heat
Treating and Surface Engineeringg @& processsubjected to thermal heating
(processingpnd cooling with the intention ofcquiring cetain microstructure and
properties ' The thermal heating referred in this definition covengarious heat
treatment steps which includstress relieving, austenitigy, normalizing tempering
quenchingand tempering According to Gale, W.Fand Totemeier, T.G 20045, geel

is heat treatedn order tocontrol the microstructure,change mechanical properties
release residual stressesprevent cracking, control hardnessand improve
machinabilityof the component

2.1.1. Case Hardening/ Carburizing

The purposeof carburizing is to obtaim high carbon contenmartensiticcaseon
components givinghigh fatigue resistance andgear resistanceo the surfaceregion

but maintairing toughness of the core. The principle of carburizing in heat treatment
process is to increase the surface carbonteanof low-carbonsteel by exposing
under a certain atmosphere at thetemperature just above the austenitic
temperature (between 85t to 950C)!® Hardening isachievel by quenching of
high-carbonsurfacelayer in order totransform microstructuresfrom austenite into
martensite

Generally, thereare two factors that affectintroduction of carbon atoms into
austenite duringcarburizing One is the chemical reaction thaausescarbon to
absorbat the surface othe steel The otheroneisthe diffusionfrom the surface to
the interior of the steel!”! Carbon atoms are introduced into the steel ggseous
atmospheres In this project, gas carburizing was performddr mass production,
accurately controlled and minimum speclandling The most important chemical
reactionin such a furnace atmosphere is shown in Eg. 1

#1 C # c#lC (Eq 1)

Where, # is carbon introduced intaustenite The carbon ratio of CO ané /

gives a certain level of carbon in thaustenite at equilibrium condition of the
reaction. If the COcontent in the atmosphere exceeds the partmessure required
to maintain the given carbon content, the reaction above wdiftward shift and
carburizing wi occur until a new equilibrium reachéd. This methods mainly used
for increasing the carbon content @dw carbon stelsto a higherdesred value. On
the contrary, if# / content in theatmosphereexceeds a certain valu¢hen the



reaction abovewill rightward shift to achievea new equilibriumcondition. During
this reactiondecarburizationwill occur That is to sgythe amount of # in the
reaction above will decrease.h€& latter case can beused during heat treating
process when thecarburizirg exceeds froma set value, thusreducing the carbon
content in the steels needed for examplefrom 1.3wt% Cto 0.8wt%C. In diffusion
step, theinitially high carbon content in the austenite immediately adjacent to the
surface diffuses o the interior to producedeeper casel” Exceptfor the CQ# /
reactiors, other reactions will occur involvidg (,# ( , ( R / and. . These
reactions are:

CO+1/2 =#1 (Eq 2)

# (P # +X (Eq 3)

CO+( I P #/+( (Eq 4)

# ( +5 P 3# [+ 4 / (only oxygen is insufficient) (Eq 5)
¢ ( +7/ P 2#/+2CO + 2C « 8/ (only oxygen is sufficient (Eq 6)

Generally methane (# () can only achievecarbon potentialat a value lower than
0.8Wt%C, therefore propane(# ( )isadded for higher carbon potential purpose.

2.1.2. Quenching

Quenching is describeas the rapid cooling dhe steekto transfam microstructure
from austenie into martensite.Generally, quenchingould give cooling rate high
enoughto avoidthe formation of soft phasse.g.pearlite or bainite. The hardness of
the component is improveanainly because othe transformationfrom austeniteto
martensite The cooling rate at which the hardneashieves the highest value is
called critical cooling rate and #hiis probably due tothe maximumtransition of
martensiic phaseswhich isthe hardest phase ithe steels.However, in practial
production, the coolingpeedls for the outer and inner padf a componentare not
the same. n other words,the surface has adady cooled down but the corstill
stayed at a relativelyhigh temperature during quenchingThe consequence is that
the hardness is not uniform from the surface to the interior part.

The hardnesss a function of quenchingrate, and there are two approachesto
overcome lack of through hardeninghe first method isby introducing higher
amount of alloyelements Thesecondway is byincreasing the quenching spé
(cooling rate) According toNyborg(2009), by introducing certairalloy elements
such as Cr, Ni andoften put off the transition ofpearlite and bainite and decreases
MS (martensite startingrangtion temperature) on the surfacewhich canaffect
hardness and mechanical properties of the componéotvever he also meioned
that some alloysare rare elements that are expensive and also decreasethe
machinabilityand formabilityof the stees during cutting and forgind® The other
way of changing the coolg speed is by choosing a proper type gqfenchant.?
Gooling generally occurs in three distinct stagreshown inFigurel.
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They are:

The first stagedVapor blanket effect is caused by a thin vapor film difie
component surface and heat transfer is hindered by the vapor thiugg a
relatively slow coling rate.

. The second stag@Nucleateboiling stagé occurswhenthe vapor film collapses
and the hot metal surface is directiy contact with the quenchant, thus in this
stage high cooling rate is achieved.

. The laststage: Convective cooling stagegthtage with decline cooling rate and

heat is removed bheat convection tahe quenchant
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Figurel ThreeStages of heatmovd during quenchingn liquid[9]

2.1.3. Causes of Variations

DouglasC. M. (2009pp.64)*?! states thatdVariationsurroundsus. No two units of
product produced by arocess areidenticak. If youbuy two bottles ofCoca Colayou
may not getexactlythe samevolume and theheight of a Colaaries from time to
time to a certain extent Statistics isn artof analyzing datarad drawing conclusions,
taking variations of the data into account*” The existenceof variation makes it
imperative to use statistical process control (SBfOprocess.In general, there are
two typesof variations. Tiey are: a common cause variatiowhich is inherent in a
processand alwayspresent The other isa special cause variation that refers to
unusual casesf variation that are not typical part of a process. However, not all
special causgare detrimentalto a process, some of them abeneficial

Thereare many causethat haveinfluenceson the final resultssuch asnanpower,
machine methods and materialgtc. The causand-effect diagram is amformative



way for illustratingvarious causesf failures. Figure 2 shows the possibtauses of
variation which result in failure to satisfy custon@requirements There are four
aspectaused which camead todissatisfction of the customes. They are manpower,
machine, method and materials. Eagivisionhas nmany subdivisions, e.gthe factor

of method used for statistical analysis whether is correct or not, the way of collecting
data and the behavior of the data.

Cause-and-Effect Diagram
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Figure2 Causeand-Hfect Diagram




2.2. Investigated Heat Treatment Parameters

For quality control of heat treated products several parameters are used. The
parametersused in this projectare case hardening depth (CHD), surface carbon
content (wt% C) surface hardness and core hardness.

2.2.1. CaseHardening Depth (CHD)

Casehardeningdepth can be defined in different waysg. the depth to a given
hardness value, or the depth at whielcertaincarbon content is achieved.

According toVolvo Standard (STD 109 *°! case depth is defined as the deph
which 550 Hv1 is exceededrom hardness cur@ Case depth is an important
parameterin heat treatmentssinceit can be correlatedo the mechanicaproperties
of the surfacehardened steel componentg&igure3 illustrates thehardnesgrofile of
case hardead steel of V-2158 and lbw case depth is determineffom hardness
profile.
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Figure3 Example of Hardness profile and case depth (Cl@B)D=1.13mm with Hv 550

2.2.2. Surface Carbon Content

Befae surface carbon content measuremeant| samples aréeatedin a small oven
at temperature around 550°C for1 hour followed by akcooling to soften hard
surface and improvenachinability and thenthe samples ar@olished manually with
polishing paper in order te@liminate undesirable surface defectéfter that lathe
turns on sampleat three depths (0.15 mm in three steps, 0.25 mm in three steps,
and 0.4mm in 4 steps)The total cut i2.8 mm indiametricaldirection, andmetal
chips are collected forchemical analysi The equipmentadr analysis id.eco,and
before measurement the equipmens calibrated with reference marials. Surface
carbon content idased on the chips from the firsut.



2.2.3. Surface Hardness

Surfice hardness imeasured by equipmenindentecby HRC 1@kgf load(Hardness
Rockwell Cat Getrag.Before measurindghardness onsamplesurface,the samples

are polished manually with polishing paper in order to remove unknown surface
contaminates such as oxides which couwffect test results The polishing dept is
approximately less than 26m. Then each sample tested three times and the
distance from neighbang indentations ismore than 2 mm to eliminatenfluences
seein Figured4. Meanvaluesare calculated by equipment automatically.

Top 2mm 2mm

Figured Surfacehardnessndentationpositions

2.2.4. Core Hardness

Core hardness imeasured by equipmentatsuzawaVMT7 usingHV30(Hardness
Vickers 30 kgat Getrag For eachsample, three indentations ammade and thena
mean valueis calculatedfor each sample. Thedndness ismeasured atdepth of 6
mm from the surface andneighboringtwo indentations are approximately 120
degrees around theenter of the sample rog see inFigure5.

Figure5 Position of eaclindentation on the sampléor core hardnesseasurement
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2.3. Process Capability Studies

2.3.1. Satistic al Software Minitab

Statistical Minitab ikind ofsoftwarefor statistical analysiand quality improvement

In thisproject, Minitab version 16 iapplied for implementation of Six Sigma Quality
Tools and Analysis &fariance The diagrams such as histogsarprobability plos
and box plos are plotted in software for better illustration and visualizationof
numeric data.

2.3.2. Standards (ISOTS16949: 2002, CQI-9, AMS 2750D)

In this project, ISO TS 1694902, CQP and AMS 2750D angsed tostandardize
process capability studyThe standarddescribesthe requirements for quality
assurance ofe.g. heat treatment processes anthe equipment to be used at
processes requiring controlled temperatyrirnaceatmosphereand heatingtime,
etc. Some of thestandards also definerequirements for instrumentation checks and
temperature uniformitysurveytests.

CQi9™ specifiesthe process requirementand isapplied br continual improvement,
emphasizing dect prevening, the reductionof variations and waste in the supply
chain.

AMS2750D% (Aerospace Materials Specificatjorovers pyrometric requirement for
thermal processingequipment used for heat treatmentoperations It covers
temperature sensors, instrumentatiorthermal processing equipmerdnd how to
performance TUQtemperature uniformity survey These are necessaty ensure
that componentsare heat treated in accordance with the applicaptecedures

2.3.3. Process Capability Indices

Process capability is the abilityf process toproduce componentsthat meet
specification limits determined bg.g. custome@ requirements Capabilityindices
such as Cp, Cpk, Pp, Ppk and Ggstimate how capabléhe procesdss and compare
the capability before and afterimprovement. For process capability studies, the
processmust meet two requiremens. The processmust be stable andthe output
data mustfollow a normaldistribution.

Process capability index Cp measuteow capablethe processis to satisfy
specificationimits by usinghe & ¢ A &uodrolp variatiodwhich analyzeghe shifts
and drifts within subgroup Higher Cp value, more capalilee processis. Many
companies use 1.33 as benchmark value to determine whether the process is OK or
not. If 1.33<Cp<1.67, it means the current process is OK, and if Cp>1.67 which
indicates the process is quite good and no need for improven@mtthe contray, if

11



1.0<Cp<1.33, correction is needed foture improvement

Process performance index Pgonsiders thecoverall subgroupvariatiore of the
processthat takes into account of the shetand drifts betweensubgroupstherefore
Pp usescstandard deviatin overalk. If calculatingjust Cp and Pp indices fimo
process $ insufficient because theyxompare the process spread with the
specificationlimits without how far from the targettherefore, Cpk and Ppk are used.

Like indexCp, Cpks usingéstandarddeviationwithing which measures the distance

of the process mean to the tolerances. Cpk equals to the lesser of CPL and CPU which
estimates the distance of the process averagdahe lower and upper specification
limits, respectively. Process performanaedex P takesdoveralE variance fran
process into account, which measures the distance mic@ss averagdo the
tolerance limits Ppk equals to the lesser of PPU and PPL which is similar to CPL and
CPU. B3 is used as benchmark valuemiost of casesThedrawbackof Cpk ad Ppk

is that both ofindicesonly considerone side of tolerancUSL/LSLyithout the

other (LSL/USL)Therefore, Taguchi index Cpm irgroduced which detemines
whether the process meets tolerances and is on target. The ideal Cpm value is of 2.0
right stay on the targethowever,1.33 is a commowaluefor most companiesThe
formulas below reresenthow those indies are calculateth software Minitab!*?

USL-LSL USL— LSL
(6 * Ji!"m’:m) 6 . O-(;h'e.l'a.-’."
CPU = (Lf’{‘_ﬂ) PPU = (LSL - ,H]
(3 O-”-'f:!'r.fn) 3‘ = J(Jrera."f
CPL:LLS‘{) PP = (£ —LSL)
(3 * O-”-'f'n'u'n) 3 * (}-O“&'"u”
Cpk = minimum{CPU, CPL} Ppk= minimum{PPU, PPL}
Crom = (USL — LSL) when LSL and USL are
P S (v, - Ty given, and T=m
6% [= "'
’ (n, — l}
Cpm= min (7 — LSL,USL—T) | when LSL and USL are
- 7 > iven, and T#m
z[“ _TY) given, and T3
I i /
> (n—1)
(:‘pm= (USL-T) when USL and T are given
3 Z (x" — T)z
(n— l}
i}::m= (T —LSL) when LSL and T are given
3* Z (x; — T)
(?z -1)
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Where,

T= Target

LSL= Lower Specification Limit
USL=Upper Specification Limit
>= Process Mean

m= midpoint of USL and LSL
StDev= standard deviation

A = within subgroupprocess standard deviation
A =overall process standard deviation
n = total number of observations
Awithiné standarddeviation (A ) canbe estimated from control charts
by —.
., 2 is average range R and R2= 2 (within subgroups).

A is a constant that varies with subgroup size.
Gh@SNY ff¢ adlyRI=NR—RS @tele @ As2ayl observation

and @is the mean value of all observations, and n is the total amount of
observations.

To compare thevariation betweendwithing and coveralk, see inAppendix A Within-
and OveraH subgroup Variation.
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2.4. Analysis of Variance (ANOVA)

Analysis of Variance (ANOVA) considers the variafronsmore than 3 levels of one
single factor by comparing mearis evaluate the significance. Oweay ANOVA
examines the equality of sample means when classification is by one vaffablee
factor which affects the responses quality parameters refers to Track, Position,
Upper/Lower level of the stacking trayufhace), Fu}/Empty loaded furnace
conditionand Inner/Outer part of the furnace. Thiesponseshich aredescribedas
component quality parameters e.g. surface hardness, core hardness, case depth and
surface carbon contenfThe response is a result orrgequence othe factor. For
example, thanfluenceof loading conditions on surface carbon conteninisdludedin
this report. Oneway ANOVA takes into account of one fa@anfluenceon single
response. However, in reality the response is affecteddious factors in order to
analyze more than one factor, multari chart is applied in the report.

In Minitab, the sources of variatienthe degree of freedom, the total sum of squares,
the mean squares, -fests and Rvalues @& shownin software Minitab session
window, seein Figure6.

. Source - indicates the source of wvariation, either from the factor, the
interaction, or the error. The total is 2 sum of all the sources.

. DF - degrees of freedom from each source. If a factor has three levels, the
degree of freedom is 2 (n-1). If you have a total of 30 observations, the degrees of

freedom total is 29 (n- 1).

5% - sum of squares between groups (factor) and the sum of squares within
groups [error)

. MS - mean squares are found by dividing the sum of squares by the degrees of
freedom.

. F - calculate by dividing the factor M5 by the error MS5; You can compare this
ratio against a critical F found in a table or you can use the p-value to determine

whether a factor is significant.

P - use to determine whether a factor is significant; Typically compare against
an alpha value of 0.05. If the p-value is lower than 0.05, then the factor is significant.

Figure6 Some Statistics in session windowMimitab [12]

All of thesestatistics are used to analyméhether the factor has significamfluence
onthe response.

In Ohe-way ANOVA, pooled standad#viation is used for shawg all independent

data when they are supposed to have a common standard deviation. The pooled
standard deviation is the mean spread of all data with their group mean. The value is
based on the weighting of larger groups because of its larger influenceeocovtrall
estimate [*2
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Hereintroducean example to study four grougsom SoftwareMinitab:

Observations AMean=9.7, StDev=2.5 N=50)

Observations BMean= 12.1, StDev=2.9 N=50)

Observations GQMear=14.5, StDev=3.2 N=50) anbservationsD (Mean=173,
StDev=6.8 N=200)

The pooled standard deviation is 5.486 becaugakésa weighted aveage which is
closer to a largegroupsize *2

Except forstatisticalmethods mentioned abovegraphs suclasbox plots, probability
plots and multivari chartsare also usedBox plotis arectangularbox as showed in
Figure7 (a) used to summarize thdistribution of the databy the position of three
horizontal lines height of the boxand tail (vhiske). The asterisk* 1 represents
outliers that is beyond thdower straight line 2 (whisker)and upper straight line 4
Whisker linegline 2 and 4yepresentdthe maximumdata point within 1.8%imesthe

box height from thebottomé or éthe minimumdata within 1.5 times heightsfrom

the topé. The length of whisker m@esents the scale atkewnessThe hree lines in
the box from thebottom to the top are the third quartileline (Q3 line)which means
75%o0f the data are less thanr equal to this valueMedian linerefersto the 50%of

the data that are less than or equal tq @nd thefirst quartile line (Q1 line)which

meansthe 25%o0f data are less than or equal to this vallée boxheight equals to
the distance fronQ3 toQ1.If the median line is notentered in the rectangular box,

the distribution isskewed.Larger of the box, highdhe spreads.

Boxplot of Surface Carbon Content versus Fully/Empty
0.850 |4
3
0.825 i 3
2
o
£ 0.800+
2 | *®1
0.775 &
0.750 - ; ;
Empty Fully
Fully/Empty

(a) Box plot; [12]
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Figure7 (a) Box plot b) Probability plot [12]

Probability plot isa gaph usedto determine whetherthe data fit to a distributioror
not. The middle straight lineefers tothe fitted distribution line and the curved lines
represent 95% confidence intervals.-\Rilue evaluateswhether the distribution is
normal orother distributionse.g.Weibull orExponential seein Figure7 (b). P-value
usually is chosen as 0.0B.the p-value from statistic ignore than thelevel of
significance (alpha=0.05@d), it would lead tonot rejecing the null hypothesisin
this project,level of significance valuesatwvays set af.05.

A hypothesistest is used to determine thevalidity of the statement that either
eqguals to omon-equalto a desired value. Generally, there are two statements about
hypothesis test. Om is the null hypothesi§ which describes the statement such
as hardness, case depth or surface carbon contergisalto a desired value. The
other is the alternative hypothesi§ which states the parameters are not equal to
in the null hypothesisNo rejecting the null hypothesis means the parameter isi&q

to a set value. Rejectingeans the parameter either more than or less than the set
value.

Multi-vari chartpresentsANOVA data in an easy way to study possitieractions
betweenfactors and oot causes for vartaons. In Minitab, the responses aokhosen

as surface hardness, core hardness, case hardening depth, surface carbon content
and mean temperature valued-actor investigates the effects on the response
variables For instance, we need investigate factors that could affect hardness during
the processThe following should be determined in the experiment:

Factor Track Position Loading
A 1 2 Empty loaded
B 3 2 Emptyloaded

Then, the influencef Track on hardness is shown in mudari chart.
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3. Experimental - Results

3.1. Heat Treatment Furnaces and Experimental Setup

3.1.1. Furnace at Getrag

Thefurnace at Getrag INWheelsDrive ABwas Lol with double tracks irthe main

heating chamber.The electrical heating elemestwerelocated n the roof and the
bottom of each trackAccordingto AMS 2750 O7, the furnace classsiFIVE which
meansthe working tempeature is within 910 £14C The furnace waslivided into

three zoneswith feed mte at 13 miposition, however, there are no clear

separatiors between the dfferent zones. The first zone leating zoneThe second
and third zones arecarburizing andcarburizingdiffusion zones, respectively.For

carburizing zone andiiffusion zones the temperature i810°C with the carbon

potential of 0.8wt%C.

The measurement of quality parameteaise derivedfrom 9 specimensttachedper
track. Totally 18 dummy sampleare attached on &fixture at different positions as
shown inFigure8. For samples on track 1, they amarked fom 11 to B®. For
samples on track 2, they amearked from21 to 29.Note that both praess capability
studies and TU®ere performedat Getragin 2009 but only TUSvasmadein 2010.
Fa temperature unifomity survey (TUSNn 2010, the furnace was teste@ne per
track per dayThe temperature was loggexVery five secondBy thermocouples (TCs)
that located at different positions of thstacking trayseein Figure9.

Trackl Track2

Feed direction

Figure8 Samples attached ostacking trayst different positiongGetrag 2009)
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Figure9 Positiors of the TCgluring TUS from track 1 and @dtrag 201D

Totally, thereare nine thermocouples (TCs)er track whichcould be divided into two
groups, Free and Nn-free type. In upper levelof the stacking tray four TCs a&

located at each corner an@C9 is attached in upper center of thestacking tray
which is used for logging the temperature in atmosphere of thenface. At lower

position, four samfes ae attached on the stacking trayith drilled holes(3 mm)in

the center which arepreparedfor TCprobes(2 mm)to measure the temperature
inside ofsamples.

3.1.2. Furnace at Volvo CE

The type of thepusherfurnaceat Volvo CHs Aichelinwhichis a continuous furnace
with three tracks parallel to each other in the main heating chambke electrical
heating elemend arelocated n the roof of the main furnaceThe pusher inhe
furnace pushes thstacking traysautomatically and continuously from onposition

to the next. Therarethree zones in the main working chamb@&hey are carburizing
zonel & 2 and diffusion zone& with set working temperature of 925°C, 925°C and
860°C, respectivelyHowever, there arenot distinct separatiors between three zones.
Thesamplematerialused fortestsis V-2158 (Volvo standarardnessclass60). The
samplesare manufactured into cylinder shape with length of 120mm+0.5mm and
diameter of 25+0.03mm.

The heattreatment processin VCE consisbf various steps whichre presentedas

follows; pre-washingat the temperatureof 75 °C, preoxidizing a400°C, preheating

at 900°Cat zonel and 925°@Gt zone2, then all three trackare movedinto the main

furnace, followed by otjuenchingat 100°Ctemperingat 160°C andinally cooling in

air to room temperatue. The studiesonly includes the carburizing and diffusion
zones in the main furnace, thus pveashing, preoxidizing, preheating, oil bath,

postwashing andemperingare not consideredn this report.

In VCE, methané# () gasis added in three zoneas mentioned above, bubnly
propane (# ( ) gasis added in carburizing zone orie order to keepcarbon
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potential at 0.82wt%C.

Main Furnace

__J. Zone 3 Zone2 Zone 1

_ | Pre-Oxidizing

MWD MANEETE 2 19 e

Air-cooling

Figurel0 schematically illustration of heating system at Volvo ZIHO[AppendixB]

In order to make comparison of whether not empty loa@d track have influences

on capability parametersuch as case depth and carbon contdéwio tests aremade

at VCEA the first test the furnace wasfully loaded withcomponentson track 1, 2

and 3 The test sample were loaded on track 1 and Bt the second testrack 1 and

3 were loaded in the same way as in the first test. The test samples were loaded on
track 2 with empy trays in front and behindSeein AppendixO.

The carburizing zones have the target temperature at 925°C wh the carbon
potential of 0.82%. The diffusion zongkept at 860°C withhe carbon potentialof
0.75% Also notethat there was a warning during producticat the first test which
could havesomeinfluences on capability studies frotrack 1 and 3.

Totally, 9 sampleare fixed bymetal wire upon thestacking traysEght of them are
fixed in each corner of the stacking tegnd one sampleis mounted in the cubic
center in order to check theentral regionof the stacking trayFor the samples used
on trackl, theyare marked as 11 for position 1, 12 for position 2, 13 for position 3,
14 for position 4, 15 for position 5, I6r position 6, 17 for position 7, 18 for position
8 and 19 for position 9, respectively. For tr&ksamplesare marked as 31, 32 and
33 to 39.Figurell showsthe samples and fixture ostacking tray
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a) Dummy samples on fixture

For temperature uniformity survey (TUS), track 1 and 3 vievestigatedin 201Q
According to AMS 278D, ten thermocouples are used per track whicks slightly
different from Getra@ measurementThermocouple(TC)9 is fixed fredy in the
furnaceatmospherebeside T@ in order to record the temperaturef outer sample

seein Figurel2.

b) Dummy samples esite
Figurell Fixture, samples and track la(CE 2010

Track 1

Track 3

i
f". Free TC
111
1} i ~4
L |l" I't_.l

161

[ |

1|

o l_._
I

19

I

|

Figurel2 Thermocouplepositionson stacking trays. For position 3, 4, 7 and 8, thermocouples

wereinserted within test samples\(CE 2010
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3.2. Case Hardening Depth (CHD)

3.2.1. Getrag All Wheels Drive AB

Heat treatedsamples fromthe GetradQ furnace were measuredby three hadness

profiles persampleat Getragin 2009.

Case hrdening depth isletermined atthe depthwhere hardnessvalueis at HV550.
Measuranent resultsfor track 1 and track 2&re shown in Tabld and 2below. In
order to betterrecognize the fact thathe case depthfrom each position on each

track, case deptlcubesare shownin Figurel3.

Tablel Measured case depth of track{13]

Track Position Measurement 1 ( mm) Measurement 2 (mm) Measurement 3 (mm) Mean(mm) Mean of CHD|
1 1 0.80 0.79 0.78 079
1 2 082 0.82 0.82 082
1 3 0.79 0.80 0.83 0.81
1 4 0.80 0.80 0.81 0.80
1 5 079 078 0.79 079
1 6 0.78 0.77 - 079
1 7 077 077 0.77 077
1 8 0.79 0.80 0.78 079
1 9 078 079 0.80 079 -
0.79
Table2 Measured case depth of track{ 23]
Track Position Measurement 1 ( mm) Measurement 2 (mm) Measurement 3 (mm) Mean(mm) Mean of CHD|
2 1 0.79 0.78 077 078
2 2 0.81 0.80 0.79 0.80
2 3 0.81 0.84 0.82 0.82
2 4 0.81 0.80 0.79 0.80
2 5 077 077 077 077
2 6 0.79 0.79 0.81 0.80
2 7 0.80 0.79 0.81 0.80
2 8 078 0.79 077 078
2 9 0.80 0.80 0.80 0.80 -
0.79

Figurel3 Case depth cube ¢feff) track 1; Rght) track 2[13]
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The target valuesiset at 0.8 mm with tolerancelimits £ 0.1mm, whichgives
USL=0.9 mm and LSL= 0.7 mhme recommended minimum sample size for
normality test is 15and if the sample size is less than 1%e result from the
normality test can be questionahl&incetrack 1 and 2 age tested under the same
condition feated at the same timecombire both dataand analyzehem together.
Beforecombiration, a 2-sampk t-test should be made to prove thalidity.

A 2sample ttest is made to examine whether oot there is a significant difference
betweenthe two groups of data. Aftethe tests, pvalue s 0.950(which B more than
level of significance alph8:05) which means that theresino significandifference

between the mean value®f each track, thusnalyzingthem together ¢ possible.

Before capability indicesalculation case hardening deptldata are investigated to
examine whether the data ameormally distributed or not. The results ag shown in
the Table3 which turns out to havea p-value higher than @5, and thus normally
distributed (95% confidence interval afid=5%).

Table3 Normality test of the casdepthsfor track 1, track 2 and track 1&P3]

Track Sample N Distribution P-value Mean(mm) SiDev
1 9 Normal 0.630 0.794 0.013
2 9 Normal 0.151 0.794 0.016
1&2 18 Normal 0.840 0.794 0.014

Table4 Capability analyses of the case depth for track 1, track 2 and tradd 3)&2

Track Sample N Pp Ppk Cpm Target usL LSL
1 g 248 2.34 228 08 09 07
2 ] 2M 1.97 1.94 08 0.9 a7
182 18 2.33 2.20 2.15 0.8 0.9 0.7
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Figurel4 Capability histogramfr case deptha) track 1; b) track 2; c) track 1&2;rd@yrmal
probability plotof track 1, track 2 and track 1&§23]

The analysis of Pp, Ppk and Cpmvehithat the capability of thefurnace § goodand
is performed within specificationlimits, seein Table4 and Figure 14. For track 1,
track 2 and track 1&2hey all achievdnigh PP values which meahat the process is
capableof meeting with tolerancesPpk and Cpm values indieahat the case depth

is wellcentered onthe target Track2 showsthe highest Pp value with wider spread

but lowestPpk and Cpm valuéscomparedto other casesThis could be deito the
number of specimens artoo few b obtain sufficiently good resultsut there might

be other causesand theefore it is important to examine and compare with the

other parameters such asurface hardness core hardnessand surface carbon

contentfrom the tests.
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3.2.2. Volvo Construction Equipment AB

After heat treatment case hardeninglepth (CHDvas estimatedfrom onehardness
profile (HV1) per sample dboratory of Getrag in 2010 The measurement results
are presentedn Table5 below. Forcapability studythe target value i€.95 mm with

the upper and lowespecificationlimitsat 1.10 mm and 0.8mm, respectively.

Table5 Case depth of a) Track i) Track 2; c¢) Track'8CE 2010)
a) Track1l

c) Track 3

Track
1

Position Case Depth ( mm) Mean(mm)

1 1.13

000~ O M & WM
%]

Track
3

LW W W W W W

1

€0 00 =) Oh R e D0 Ra

1.14
1.16
1.10
1.14
1.14
1.19
1.09
1.08
1.16

Position Case Depth ( mm) Mean(mm)

1.13

b) Track 2

Track

ra

[T L T L R L I - N T o TR S ]

Position Case Depth ( mm) Mean(mm)

1 1.15

[L=RE - RN R R R SR K ]

1.16

1.13

1.14 1.13

1.16

1.16

Track 1

1.15 1.15 1.13

147 1.18

1.20

1.05 1.16

1.14

1.17 1.18

Track 2

1.14

1.09

1.14

1.16

1.10

Track3

1.16

1.15

1.14

1.08

Figurel5 Cubesof case hadening depth at each position @ach trackVCE 2010)
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Feed direction Feed direction

114 116 L16

Front1.12 Front 1.15 Front 1.14

111 1.16 1.11 1.16 1.20 1.16 112 116 1.14

Back 1.10 Back 1.18 Back 1.10

1.08 116 110

Track 1 Track 2 Track 3

Figurel6 Mean case hardening depth on cubic fa(é€E 2010)

Track 1 and track 3 karelative similar CHDneanvaluesat 1.12mm and 1.18m,
respectively Track 2 showsthe highest CHD meamat 1.16 mmof three tracks
Position 7 onfrack 1 indicatethe least case epth at 1.02 mm as illustrateid Figure
15. CHD mean cubeseadisplayedn Figurel6 and the result turis out to be that the
upper positionshave deeper case depth thathe lower positions The result also
showsthe right and left side casdepth from track 2 ighe same but a littlehigher
thanthat of Track 1 Right and Track-Beft.

2-sample ttests are made to obtain pvalues to determine whether or not he
difference significary between twosamplesand oneway ANOVA imade to check
out the significantdifference among three track3he p-value for trackl and track 2
is 0.022 whichsi lower than95%of confidence intervalith alpha equals td®.05
The pvalue for track 1 an@® is 0.402higher thanthe value of0.05 and therefore
there is no significant difference betweamean CHDof two tracks.The pvalue for
track 2 and3 is 0.047 which meartbe difference s significanthat indicate not to
allow mergingthem. The pvalue fromone-way ANQVA test is 0.025. Only track 1
and track 3 cold be combinedand analyzed as a one sampigoup. After
combination, normality test isnade to examinewhether or not the datafollow
normal distributiors. If they are then capabilityndicescanbe obtained and validif
not, other methods should besedfor analysis Normality testresults are shown in
Table6 below.

Table6 Normality test of track 1, track 2, track 3 and track X&8E 2010)

Track Sample N Distribution P-value Mean(mm) StDev
1 9 Normal 0.062 1.116 0.050
2 9 Normal 0.883 1.164 0.022
3 9 Normal 0.346 1.133 0.036
182 18 - - - -
1&3 18 Normal 0.052 1.124 0.043
28&3 18 - - -
123 27
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Table7 Capability analyses of tradk track 2 track 3 and track 1&BvCE 2010)

Track No. of Samples Pp
1 9 1.00
2 9 229
3 9 1.37
1&3 18 1.16

Ppk Cpm Target USL LSL
-0.10 027 0.95 110 0.80
-0.98 022 0.95 110 0.80
-0.31 025 0.95 110 0.80
-0.19 027 0.95 1.10 0.80

In Table7 above all casegpresentlow Ppk and Cpmalueswhich meanthe process
is not centered butoutside specificationlimits. Track 1 and track 3 havew Pp

values at 1.00and 1.37 which indicatepossible improvement for both tracks On

track 2 Pp value s highat 2.29 which exceed good value of 1.671f compared

capability histograra and normal probability plo$ in Figurel7 and 18, conclusios

could be drawn that the process closeto the upperspecificationlimit USL(upper

specification limit)

Process Capability of Trackl1l CHD

Process Capability of Track2 CHD

SL Tarzet UsL
T T

L Tarzet UsL
T T

|

=)
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

N

T T T T g T T
0.84 0.90 0.55 1.02 1.083 1.14 1. 20

_/
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0.84 0.90 0.98 1. 02 1. 08 1.14 1.20

Process Capability of Track3 CHD

Target

&=

usL
T
|
|
|
|
|
|
|
|

r- - - - =
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Figurel7 Capability histogramof track 1, track 2, track3 and track 1&3CE 201()L2]
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Normal Prob Plot from Track 1 Normal Prob Plot from track 2

LD 0.644, P: 0.062 AD: 0,181, P: 0,883

*
()
*
1.0 1.1 1.2 1.5 1.10 1.15 1.20 1.25

Normal Prob Plot from Track 3 Normal Frob FPlot from Track 14&3

AD: 0,368, P: 0,346 AD: 0.7T11, P: 0.062

1.0 1.1 1.2 1.3 1.0 1.1 1.2 1.3
Figurel8 Normal probability platfrom track 1, track 2, track 3 and track 1QBCE 201(q1L2]

In normal probability plots, the central blue line is the fitted normal distribution line,
and the points are the measuredalues versus the percentage of values in the
sample thatare less than or equal to itrém Figurel8, spreads and distribution can
be comparedamong track 1, track 2, track 3 and track 1&3. In normal probability
plots, AD values refer to Andersddarling statistics which should be as low as
possible, andhe p-value shouldbe more thanthe level of significance with alpha
equals t00.05. If so, the distributionis normal, otherwiseeither transforming the
data to follow normal distribution or finding the possible bé#ing to a nortnormal
distribution tomake a strictly corrdcstatistical analysis.

To investigatecause of variance,me-way ANOVAs applied for diffeent factors such
as Track, Position, UppeoWwer positions and &ly/Empty loading conditionof the
furnace

One—way ANOVA: CHD wversus Track

Source IF =3 [ F F
Track 2 0.01102 0.00S51 3,88 0.035
Error 24 0.03424 0.00143

Total 26 004527

3 = 0.03TTT  ER-5q = 24.35% ER-Sqfadj) = 15.05%

Indiwidual 95% CIs For Mean Bazed on
Fooled Stlew

Lewel N Mean  Stllew t t } }
1 9 1.1156 0.0498 O * )]

z2 9 1. 1844 0.0219 [ * )

3 9 1.1333 0.0364 [-—————— h——————— 1

1.110 1.140 1.170 1.200
Fooled Stlew = 0.0378

Figurel9 Oneway ANOVA: CHD versus TradkE 201(12]
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If CHD is set abe responsevalueand Track afactor, then a p-valueis obtained. In
Figure 19, the p-value & 0.035 fordTrack factor which meanshat there b a
significant differencemongthree trackslCHDmean(chosenthe level of significance
alpha=0.05).

Grouping Information Using Tultey Method

Track N Mean Grouping
2 9 118444 A

3 9 1.133353 AE

1 9 1.11558 B

Mean= that do not share a letter are sigmificantly different.

Figure20 Groupinginformation (VCE 201(1L2]

In Figure20, grouping information shows track 2 and track 3 are in the same group,
track 1 and 3 are in the other same group. There is no evidence to prove that track 1
and 2 are in the same group. It means track 1 and track 3 can bgemheand
analyzed together

Boxplot of CHD versus Track
1.20 |
| s |
1.15- \
| e
[a)] GB/
5 1.10- |
1.05
1.00 . . .
1 2 3
Track

Figure21 Box plot of CHD versus Trg®CE 2010)12]

The box plot inFigure2l indicates that track 1 hashe widest spread because the
height of the boxs the largest of the threelhe variation on track 2 is small as shown
in the height of the box. All boxes have mean values higher than thedians,
which indicatethe data arepositivelyskewed.

To investigatehe influence of Bsition on the responseof CHD oneway ANOVASI
performedin Minitab. The summary and box plate presented below.
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One—way ANOYA: CHD wersus Position
Source IF == M= F F
Positien & 0.013%2T7 0.00191 1.14 0. 332
Error 12 0.03000 000167

Tatal 26 0.0452T

S = 004082 B-Sg = 33.73%  E-Sqladi) = 4.27%

Indiwidual 95% CI= For Mean Baszed on Fooled Stlew

Lewel N Mean  Stlew t t } }

1 3 1.1400 0.0100 [ * 1

2 3 1.1487 0.0153 I * )|

< 3 1.1333  0.0308 I * ]

4 3 1.1187T 0.0536 [ * ]

5 31,1500 0.0173 I * )|

B 3 1.166BT 0.0321 I * )|
T 3 1.0933 0.0751 * ]

g 3 1.1200 0.0529 I * 1

g 31,1733 0.0231 I * ]

Fooled Stlew = 0. 0402

Figure22 Oneway ANOVA: CHD versus Posi{/dGE 201()L2]

Grouping Information Using Tulkey Method
Pozition H Mean Grouping

a 30117333 A

& 3 1.16BET A

5 3 1.15000 A

Z 3 1. 14BBT A

1 3114000 A

3 3 1135335 A

g 3112000 A

4 3 1.11BBT A

T 301.09333 A

Mean=z that do mot share a letter are sigmificantly different

Figure23 The gouping information(VCE 201(q12]

The pvalue in Figure22 is 0.382 which means there no significant difference
among all positiongrom all tracks Position Shasthe highest CHDwhile position 7
presentsthe lowestmeanvalue All positionswithin the same groupwhichmeans
the mean valueshare detter that are not significantlydifferent.

The nfluenceof Upper/Lower positiosin the furnaceis studied. Onavay ANOVA is
made with U/L as a factordUJ¢ meansthe upper positions of the furnace which
consiss of four positions per trackd£ refersto the lower positions inthe furnace
which consist®f four valuesfrom each trackdCentek is position 9.
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One—way ANOVA: CHD wersus T/L

Source IF S5 Mz F P

UL 2 0.0116E 0.00551 414 00235

Error 24 0.03385 0.00140

Total 26 004527

S =0.03T44  EBE-5q = 25.86% E-Sqladj) = 12.47T%

Indiwidual 95% CIs For Mean Based on
Pooled Stlew
Lewel H Mean Stlew t t t }

Center 3 1.1733 0.023 ( & )
Lower 12 1.1158 0.0505 (-————- Hm—m—m )
Upper 12 1.1508 0.0202 — e 3

1.120 1.155 1.190 1. 225
Fooled Stlew = 0.03T4

Figure24 Oneway ANQYA: CHD versus Upper/ Lower positiofisurnace(VCE 201012]

Grouping Information Using Tultey Method

L " Mesn  Grouping
Center 3 1.1T333 A
Upper 12 1.15083 A
Lower 12 1.11583 A

Meanz that do mot share a letter are significantly different

Figure25 The groupingnformation (VCE 201(q12]

The pvalueis 0.028 which b lower than significant levedf 0.05in Figure 24The
difference s significantfor CHDbetween the upper and lowerpositions inthe
furnace Groupinginformation revealsall positions upper, lowerand centralbelong
to the same groupMears that do notshare a letter ag significantly differentBox
plot is shown inFigure26.

Boxplot of CHD versus Upper/ Lower of the furnace
1.20 1
1.154 \\\\\\\\\\\\\\\
[a ¢
5 1.10
1.05 1
1.00 - : : :
Center Lower Upper
u/L

Figure26 Box pla of CHD versus Upper/Lowpositionsof the furnace(VCE 201()12]
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The Center of each trackhas the highest meanvalue of all positionsbut the box
doesrhavethe upper and lower whiskers due tow amount of datgjust 3 values).
The Ubper positionshavethe smallest boxize which meanthe lowestdeviation In

box plot above the Lower positionsreveal a long lower whiske and the Upper

positionspresent positive skewness

To nvestigatethe influence offactor oFully/Enpty€ loadingcondition in the furnace
on the response CHDone wayANVOA igonducted.d meansthe first test which
involvesdFully loadedrack 1 and track 8 ¢ is empty loadedtrack that is derived
from only track 2which is just loaded with dummy samplésee in Section 3.1.2
Furnaceat Volvo CE).

One—way ANOVA: CHD wersus F/E

Source IF vy [ F F

F/E 1 0.00960 0. 00960 B 73 0,016

Error 2% 0.035%67 0.00143

Total 26 0004527

S = 0.03TTT  E-5q = 21.21% E-Sqiadj) = 13 06%

Indiwidual 95% CI= For Mean Based on Fooled Stlew

Lewal H Meann  Stllew } t }
Empty 9 11,1844 0.0219 I * )|
Fully 15 1.1744 00433 (—————- h—————— 1

1.125 1.150 1.175 1.200
Pooled Stlew = 0, 0375

Figure27 Oneway ANOVA: CHD verdugly/ Empty loadedrack (VCE 201(1L2]

Grouping Information Using Tuley Method
F/E K Mean  Grouping

Empty O 1.16444 A
Fully 15 1.12444 B

Means that do not share a letter are significantly different.

Figure28 The group informatiofVCE 201(L2]

The pvalue fom oneway ANOVA (CHDs.vRully/Empty loadng conditiong is
0.016<0.05n Figure27, which meas that the differenceis significant between fully
loaded and empty loadettack Empty loadedrack present a highmeanCHDvalue
andspread while fully loaded traclobtainedlow mean CHD value btaigh standard
deviation. Grouping informatiom Figure28 explainsthat two casesbelong totwo
different groups, which means that they do not share a letter amgnificantly
different.
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Boxplot of CHD versus Fully/Empty loaded furnace
1.20 1 |
p— |
1.15 | \
— o
[a
5 1.10-
1.05 1
1.00 - :
Empty Fully
F/E

Figure29 Box plot of CHD versus Fully/Empty loadiedtk (VCE 201012]

In Figure29, fully loadedtrack showsa negative skewneswith along lower whisker.
In order to investigatenultiple factorinfluence onthe response, mlti-vari Charts
are plotted in Figure 30 32. Multi-vari chart takesnto accounttwo factors such as
oTrack ¢ Positiorf, dTrack ¢ Upper/Loweg, dTrack ¢  Fully/Empty,
oPositiorgUpper/Lowek, dPositiong Fully/Emptg¢ and dUpper/Lowerc Fully/Emptg.
(Note: if more than 40% of the cells in Minitab sheate missing, no chartsi
generated).

Multi-Vari Chart for CHD by Position - Track
i Position
1.20 o )
® 2
® 3
® 4
1.15 A < 5
~ a 6
— & = 7
2] 8
Q <o 9
5 1.10-
1.05 A
1.00 A , , ,
1 2 3
Track

Figure30 Multi-Vari Chart for CHD by Positigiirack(VCE 201()L2]
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Multi-Vari Chart for CHD by Track - Upper/Lower
1.20 A
&
~N
1.151 N Pl
~N _ =7
~N —
~N _ -
Q Al
5 1.10-
1.05 A
1.00 T T T
Center Lower Upper
U/L

Track

® e 0
N

Figure31 Multi-Vari Chart for CHD by Track)pper/Lower part of furnac€VCE 201()1L2]

Multi-Vari Chart for CHD by Position - F/E

1.20
1.15+

[a]
51.10-

1.05 4

CONROOG®® SO0

Position

© 0o ~NO U WNR

1.00

T T
Empty Fully
F/E

Figure32 Multi-Vari Chart for CHD by Positigi-ully/Empty loadedrack (VCE 201()L2]

In Figure 30, track 2 showsan increasing trencdf CHD Fortrack 1 and 3, CHD
fluctuatesaround 1.12 mmaAlthough track 1 and &re operated under the ame
conditions, still track 3 hasigher CHD mean than track 1 in bdte upper and
lower positionsof the furnace seein Figure 31. Figure 32 showsthe difference
between fullyempty loaded trackhmong positionsNote that for thecase of empty
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loadedtrack, the meanfrom track 2 include® observationsfor fully loaded track
there are totally 18 observatioriacluded in the mean value

When concluding theCHDresultsin VCE the factos of Track, Upperfiwer and
Fully/Empty loaded trackhavesignificant influenceon case depthsard postion 7in
all three tracls should be paid special attentioim further capability studies. Note
that CHD values ra collected from one hardness profile in this projecL si Q
recommended to makehree profilesto form CHD mean valuef\lso notethat a
warninghappenedat the first test whichresultsin higher carbon potential on track 1
and 3. Higher carbon potential in the furnace means high carbon comtkrah not
only influencesthe results of surface carlmocontent on dummy sample, but also
case depth is affectedThat is why capability indices arelatively low and Ppk
indices arenegative For process capability studietjese results should also be
compared wih other parameters such asurface hardnessand surface carbon
content.

36



3.3. Surface Hardness

3.3.1. Getrag All Wheels Drive AB

Surface hardness was measured by HRardness Rockwell, foad 60kg at Getrag
in 2009 Threeindentations were made on each sample surfacélean values were
recorded automatically bthe equipment seein Table7. Mean cubes arg@resented
in Figure33. The lower (LS and upper (USL) tolerance8.5 and 82.5 HRA with the
target valueof 82.0 HRA. A twsamplet-test shows that theres noa significant
difference (pvalue= 0.136a=0.09 between the twotracks,and thus combindwo
tracks and analyzthem togetheras one groupThe results fromtack 1, track 2 and
track 1&2are normally distributed and thus capability indices cabe determired,
seein Table8 and 9 below.

Table8 Mean surface hardnesgHRA from track 1 and track 2Getrag 2009)13]

Track Position Hardness Track Position Hardness
1 1 82.20 2 1 82.50
1 2 82.50 2 2 82.50
1 3 81.80 2 3 82.50
1 - 82.00 2 - 82.30
1 5 82.30 2 5 82.40
1 & 82 60 2 & 82.50
1 7 82.20 2 7 §2.20
1 g 82.00 2 g 82.00
1 g 82.00 2 g 82.20
82.2 82.5 82,5 82,5
82.3 82.6 824 82.5
82.0 82.5
81.8 82.0 82.5 82.3
82.2 82.0 82.2 82.0
Track 1 Track 2

Figure33 Mean Qurface hardnes§HRA for each position{Getrag 2009)13]

Table9 Normality test of the surface hardness for trackkland1&2 (Getrag 2009)13]

Track  Number of Samples Distribution P-value Mean StDev
1 9 Normal 0.511 82.178 0.259

2 9 Normal 0.077 82.344 0.181
1&2 18 Normal 0.089 82.261 0.233
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Tablel0 Capability analyses of the mean surface hardness for traZlatd1&2 (Getrag 2009)

[13]
Track  Number of Samples Distribution  Pp Ppk Cpm  StDev  Target USL LSL
1 9 Normal 0.64 042 0.52 0259 8200 8250 8150
2 9 Normal 092 029 0.41 0181 8200 8250 8150
1&2 18 Normal 0.72 0.34 0.34 0233 8200 8250 8150

In TablelOPp, Cpm and Ppkrein the rangefrom 0.34 to 0.92which areconsicered
low if compared withbenchmark valueof 1.33. Track 1 showa slighty lower
hardness but with wider distribution. Track 2 showslightly higher hardnedsut
with a lower spread.rack 1 also shows a higher Cpm value which méaaisthe
datameanis slightly closr to the target than track 2The capability indices shothe
improvementfor the processis needed howeverthe size of the data set should be
also considered. The centering of process would not generate a higher Pplwatiue,
Ppk and Cpm values wouichprove to some extent.For ahigher Pp value, either
reducing spread or increasing tolerance raigequired.!*?
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3.3.2. Volvo Construction Equipment AB

Surface hardness was measurébm three indentationsby HRC 150kg load
(Hardness Rockwell @ Getragin 2010.Three measuremenvaluesare collected
and meanvaluesare calculated by equipmenautomatically seein Tablel1 below.
The mean surface hardnessn the fixture at eachposition canbe obtained from

Figure34 below.
Tablell Surfacehardness IRQ of each sampl€VCE 2010)

Track Position Surface Hardness (HRC) Mean Track Position Surface Hardness (HRC) Mean
1 1 62.26 62.32 3 1 62.16 62.26
1 2 62.36 3 2 62.43
1 3 62.26 3 3 62.23
1 - 62.26 3 4 62.00
1 5 62.63 3 5 62.50
1 6 62.23 3 ] 62.30
1 7 62.43 3 7 62.23
1 8 61.93 3 g 6210
1 9 62.50 3 g f2.40

Track Position Surface Hardness (HRC) Mean
2 1 62.16 6217
2 2 62.40
2 3 62.30
2 - 61.93
2 5 62.30
2 6 62.20
2 7 62.20
2 8 61.86
2 g 62.20

62,3 62.4 62.2 62.4 62.2 62.4
62,6 62,2 62.3 62.2 62,5 62.3
62.5 62.2 62.4
62.3 62,3 62.3 61.9 62.2 62,0
62.4 619 622 619" 62.2 62.1
Track 1 Track 2 Track 3

Figure34 Mean surface hardness (HR®Dbes(VCE 2010)
The meansurfacehardnesscubesat each positionis shownin Figure34 and mean

value of each cubic face talcuhted from four cornerswhich s shown inFigure35
below.

39



Feed direction Feed direction
62.4 62.3 62.3
Front 62.3 Front 62.2 Front 62.2
62.4 62.5 62.2 62.2 62.2 62.1 62.3 62.4 62.2
Back62.3 Back62.1 Back62.3
] 623 62.1 62.1 [
Track 1 Track 2 Track 3

Figure35 Mean surface hardness of each fq®#CE 2010)

The pp regiorsin all three traks showslighty higher mean surface hardness than
that of the bottom regiorsQandthe left side of each trackaveslightly highemean
values than that ofright sideas well. The central regioms track 1 and track 3 have
the highestmeanvaluesthan otherregionswithin the same track

For further study, statistical software Minitabis used. The target valus 615 HRC
with the upper (USL) and lower (LSL) tolerarateb8 HRC and 63 HRC, respectively.
2-sample ttests ae madebetween track 1 & 2, track 1 & and track 2 & 3 in order
to check outwhether there isor not a large pvalue After 2-sample ttests, p-values

are obtainedfor 0.169 0.705and 0.508for track 1, 2 and &ll of which arelarger
than a 95% twasided confidence intervallevel of significancea=0.05) and which
meanthe difference is not significant, thus combit&o tracks into onegroup and
analye as oneWhen comparing more than two sangs, oneway ANOVA iapplied.
The result of oneway ANOVA showdifferences amonghe means aranot sigrificant
with p-value 0.280 higher than the value @05 therefore,analyzing all three tracks
together is possible. Bwever, normality couldm® be reliably when checked with
smal samples, cautiamshould bepaid when interpreting the results.Normality test
and statistical summarygf track 1, track 2, track 3, track 1&2, track 1&3, track 2&3
and track 1&2&3seein Tablel2 below.

Tablel2 Normality test of track 1, track 2, track 3, track 1&2, track 1&3, track 2&3 and track 1,2,3

(VCE 2010)
Track Number of Samples Distribution P-value Mean StDev
1 9 Normal 0.373 62.32 0.198
2 9 Normal 0.124 6217 0.058
3 9 Normal 0.925 62.26 0.163
1&2 18 Normal 0.169 62.25 0.196
1&3 18 Normal 0.705 6229 0.178
2&3 18 Normal 0.508 6222 0.170
12,3 27 Normal 0.348 62.25 0.182
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All distributions in Tabld 2 are normaly distributed, therefore capability anakesof
the mean surface hardness chr performed Theresults of analysesare presented
in Tablel3below.

Tablel3 Capability analyses of the mean surface hardness for all (ed€#52010)

Track Sample N Pp Ppk Cpm Target LSL uUsL
1 9 421 1.15 0.56 61.50 58.00 63.00

2 9 478 1.58 0.68 61.50 58.00 63.00

3 9 511 1.51 0.61 61.50 58.00 63.00
1&2 18 426 1.29 63 61.50 58.00 63.00
2&3 18 490 1.54 0.66 61.50 58.00 63.00
1&3 18 4 67 1.33 0.60 61.50 58.00 63.00
1&2&3 27 4 57 1.37 064 61.50 58.00 63.00

In Tablel3, all indicesshow highPp but relativelylow Pk values, whichrefers to the
process is/ery capable ofmeeting specificatioimits. Track 1 hashe highest mean
surface hardness valuendthe widest spread but lowedPpvalue at 4.21Trackl is

very capable of but relative low Ppk value at 1.15 which meanseoiftering Track 2
shows the best Ppand Cpmvalues, which meanghe bestwithin spedficationsand

close to the target(Alsoseein Discussion).

Taguchi index Cpm measureghether or not current process reets specificatiors
and is on target, taking into accounbf the dataQ deviation from the target value
rather than thespreadfrom the process meart*¥ In Table13 above, all Cpm values
arelow at the range of 0.56 to 0.68/hich mears all positiors are far shift tothe USL
side The combinatiorresults revealthat track 2&3 hashe highest Pp value with the
lowest mean surface hardness and the narrowest spi@t70) Track 1 and Track 3
are pushed into the main furnace at the same temperature avith the same
carbon potential, capability indices should tatively similarhowever,the resuls
are different. From the capability indices, conclusimuld be drawn that track 3 is
more capable than track 1, buthe influence from sample material and
measurement shoul@lso beconsidered Also note thata warnirg occurredat track

1 and 3 due to low pressuiia the furnace It resultsin low carbon potential in the
carburizingzone 2 but high carbon potential at the end of thédfusion zone 3.
However,the influence of the lack ajasis notinvestigatedn this case
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Process Capability of Track 1
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Process Capability of Track 3
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Figure36 Capability Histogramaf mean surface hardness from a) Track 1; b) Track 2; ¢) Track 3; d)

Process Capability of Track 1&3
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Process Capability of Track 1&2&3
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Track 1&2; e) Track 1&3; f) Track®&) Track 1,2,8/CE 201(L2]

Thehistogramsfor mean surface hardness dfack 1 and 3are shownin Figure 36.
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Track 1 and 3ave almost the same spreadvhile Track2 hasthe smallest spread
which meanghat the hardness values amaore centeredto the process meanrAll
distributions arerightward shift which mean the process means are approacithi®
USLratherthan the target.

Normal Prob Plot Track 1 Normal Prob Plot Track 2
AD: 0.355, P: 0.373 s AD: 0.531, P; 0.124
? ()
(] ()
615 62.0 625 630 615 620 625
Normal Prob Plot Track 3 Normal Prob Plot Track 1&2
AD: 0.157, P: 0.925 AD: 0.512, P: 0.169
615 620 e 630[ | 615 620 625 63.0
Normal Prob Plot Track 2&3
Normal Prob Plot Track 1&3 AD: 0.319. P: 0.508
AD: 0.250, P: 0.705 —
[ ]
o0 e saol | 616 62.0 62.4 62.8

Normal Prob Plot Track 1,2,3
AD: 0.395, P: 0.348

62.0 62.4 62.8

Figure37 Normal Probability Platfrom Track 1 to Track 2, 3(VCE 201()2]

Normal probability plas are shown inFigure37 for all cass. Note that alprobability
plots are approximately along the straigltentralfitted lines and with similar slogs,
which in return explainghat the stardard deviations for all cases ar@bout the
same
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One-way ANOVAand multi-vari chars are made to identify the relationfips
between response and facterThe responsg are mean surface hardness. Factors are
Tracks, Positions, UppeoWwer positions and Full/Enpty loaded condition. The
interactionsbetween response anthctors areshown inFigure38 to 46below.

Boxplot of Surface Hardness

62.7

62.6

)
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ol
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Surf ace Hardness

o (¢} (o2} (2} (¢}
N N N N N
o [ N w £y

1 1 1 1 1

61.9 ‘

61.8 :
1 2 3
Track

Figure38 Box plot of surface hardness HRCiresk [12]

In the box plotabove both track 1 and 2 shodong lowe whiskers, whichmean
negative skewnes3.heheight of boxes ithe same which refer to the same spread.

Boxplot of Surface Hardness
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62.6
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Figure39 Box plot of surface hardness vs. Upper/Loweart of furnace(VCE 201()L2]
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The box plots irFigure39 show surface hardness versugpper/Lower positionsof
furnace. Boththe lower and upper positionsshowlong upper whiskers, which mean
positive skevness Note that the upper positiorhasa smallbox height, in other word,
asmallspread.The median line in upper pabbxshowsleast skewness.

Boxplot of Surface Hardness
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Surf ace Hardness
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Figure40 Box plot of surface hardness vs. Fully/Empty loadack (VCE 201(q1L2]

The box plots ifFigure40 aboveillustrate the influence of Fully/Epty loadedtrack
on sufface hardnessNote that at the first test the furnacewas fully loaded with
componentson track 1, 2 and3. The test sampkewere loaded on track 1 and At
the second testtack 1 and 3vere loaded in the same way as in the first test. The
test samples were loaded on track 2 with empty trays in front and behiathptyé
refers to the second test, whil@ull\¢€ stands for the first testThe result showshat
on emptyloadedtrack is better than fully loadedrack as the median linesi better
centered and with shorer whiskers. For the case of fully loadddack the
distribution is negative skewed, which meamgendencyof lower surface hardness
The analyses aboveke singlefactor into accounto estimate whether or not it has
severeinfluences on surface hardnesshowever,in reality interactions are always
complicatedrelated to each otherTo investigatethe interactionrs between factors
multi-vari dart isused for analysis. The responsesigface hardness and the factors
are Track, Position, Upper/Lower and Fully/Empty loading conditions
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Multi-Vari Chart for Surface Hardness by Position - Track

Track
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o 1
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Figure41 Multi-Vari Chart for surface hardness by Postidrack(VCE 200)J12]

In Figure 41dTrack and dPositiort are factors and surface hardness is the response.
Mean surfae hardness for track 1 and 3eaalmost thesame but the mean of track 2

is slightly lower. Positiors 5 and6 have highest and lowest mean values track 1,
respectively. Track Rosition hasthe highest and lowestalues at positions 2 and8.
Positions 4 and %n track 3 showthe highest andlowest valuessee inFigure42

below.

Multi-Vari Chart for Surface Hardness by Track - Position
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Figure42 Multi-Vari Gart for Surface Hardness by TreRfsition(VCE 201(Q)1L2]
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In Figure43, the factors araiTracl€ and dPositiorg and the response is mean surface
hardnessAll three tracksshowlower positionsgive low surface hardness.

Multi-Vari Chart for Surface Hardness by Upper/Lower - Track
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Figure43 Multi-Vari Chart for surface Hardness bypdpLowerTrack(VCE 201()L2]

In Figure44, the factors aréFully/Empty loading conditiagrand dPositiore and keep
the response the sam&.he mearsurfacehardness valuesary from positions, and
position 4 and 8 show rather low mean values. In most cases, fully ldeatddyives
higher hardness value than that of an empty furnace.

Multi-Vari Chart for Surface Hardness by Fully/Empty - Position
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Figure44 Multi-Vari Chart for Surface Hardness by fully/empty loadedsition(VCE 201(112]
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The interactions between factors d&Fully/Emptg loading conditions and
oUpper/lower¢ positionsin furnace on the response of mean surface hardness is
shownin Figure 45s obtained.

Multi-Vari Chart for Surface Hardness by Fully/Empty - Upper/Lower
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Figure45 Multi-Vari Chart for Surface HardnessHojly/Empty Upper/Lower(VCE 2010)12]

In Figure 45, lower positionsin fully/empty loadedtrack showslow mean surface
hardness. The mean vador upper and center part argimilat howeverthe center
is calculated from three samples from three tracks.

Multi-Vari Chart for Surface Hardness by Upper/Lower - Fully/Empty
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Figure46 Multi-Vari Chart for surface hardness bypép'Lower¢ Full/Empty VCE 201{12]
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To investigate theinfluencesof factors dUpper/Loweg positions of furnace and
oFully/Empty¢ loading conditions of the furnace on the response of mean surface
hardnessmulti-chart is as shown in Figure 46.

In Figure46, the lower positionson both Fully and &pty loadedtrack show low
surface hardness uas. Fully loadedrack showshigher mean value than that of
empty loadedtrack Note that Figure 45 and 4¢how both factors as Fully/Empty
and Upper/Lower, however, each of them provides extra infdrama about the
process, e.gFigure 45 shows the mean value of Upper, Lower and Ceuoistions
of the stacking trayFigure 46 shows the mean vatuéor Fullyand Emptyloaded
track Also notethat oFullyloadedtracke refers to track 1 and 3 whichratested on
the first day when a warningccurredand there are possibldisturbances.

Summary of capability studyfor surface hardness atVCEin 201Q Fully loaded
furnace(day 1)achieveshigher surface hardnesd.owerpositionsof the three tracks
give lower surface hardnesg-or capability studies, track 3 shows better capability
indices than track 1Position 4 and 8 on track 1 and 3 should be paid special
attention in future processcapability studiesand during production For process
capability studies, theseesultsshould also be compared with other parameters e.g.
case depth and surface carbonntent.
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3.4. Core Hardness

3.4.1. Getrag All Wheels Drive AB

The core hardness was measuresing 30 kg Vickerat Getragin 2009. For each
sample, threeindentations were made andhen average was calculatedlhe
hardness was measured approximately 6.5 mm ftbe centerof rod sampls since
there were signf segregatiosin the center of the test rosl Although the hardness
was measured at distancefrom center,still there werelarge spread of results, see
in Table14 and Figure47. The differencewithin sampleis negligible compared with
the differences between different samples This is probably due to a combination of
segregatios and variatiors in quenching. Becaudarge spread lat existsbetween
the samples which resulis nonnormaldistributions, thusit is impossible to make

capablity analysis from this aspect.

Tablel4 Core hardness of each sample and their mealnes(Getrag 2009)13]

333
377
366
394
367
369
329
387
378

000~ M & WwN =

334
370
376
357
330
361
375
338
363

MR RN RN N NN
000~ O Mm s WM =

334
373
343
394
369
368
327
387
373

330
372
379
363
332
365
372
341
366

331
367
34
372
374
380
320
394
389

333
371
364
371
332
340
388
344
361

Track Position Measurement 1 Measurement 2 Measurement 32 Mean

332
372
350
387
370
372
325
389
380
364

Track Position Measurement 1 Measurement 2 Measurement 32 Mean

332
371
373
364
33
355
378
341
363
356

StDev
1.5275
5.0332
13.8924
12.7017
3.6056
6.6583
4.7258
4.0415
8.1854
6.7079
StDev
2.0817
1.0000
7.9373
7.0238
1.1547
13.4288
8.5049
3.0000
2.5166
51831

Range
3
10
25
22
7
12
9
7
16
12
Range
4
2
15
14
2
25
16
6
5
10

Figured7 Mean core hardnessn fixture (Left) Track 1; (Right) TrackGetrag 2009)13]
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3.4.2. Volvo Construction Equipment AB

Samples from VCE furnace were measured at Getrag in A0HEXxesults of core
hardness measurement for different samples ah®wn in Tatd 15 below.

Tablel5 Core hardness of each sample and their mean valk@E 201()L2]

Track PositionMeasurement 1Measurement ZMeasurement 3 Mean 5iDev Range
1 1 351 355 352 359
1 2 360 359 360 350
1 3 399 385 404 3545
1 4 397 404 410 404
1 5 359 403 400 401
1 i 375 400 382 385
1 7 ] 3BT 39 3BT
1 ] 274 aTs 366 373
1 9 3582 351 355 355
280
Track PositionMeasurement iMeasurement ZMeasurement 3 Mean
2 1 412 359 405 405
2 2 385 3545 385 388
2 3 400 387 382 353
2 4 407 254 378 383
2 5 401 3BT 385 284
2 i 39 404 410 404 6.0000 12
2 7 423 415 410 414 6.5574 13
2 ] 380 a7 T4 75 4. 5826 3
2 9 359 381 353 358 20,4287 38
3582 8.5389 18
Track PositionMeasurement 1Measurement Z2Measurement 3 Mean 5tDev Range
3 1 are 358 387 2381 14,7309 25
3 2 385 3545 371 254 7.5458 15
3 3 404 402 407 404 2.5166 5
3 4 385 391 404 395 2.1448 15
3 5 405 385 B 400 £.0332 10
3 i 400 387 388 385 7.2342 13
3 7 a7 254 474 280 21.3620 40
3 ] 358 378G 37 a7z 40418 2
3 9 397 393 395 395 2.0000 -
387 8.0881 15

Cae hardness of the samples from three trackaiesfrom each d¢her to a large
extent. This isprobably because of different microstructurese.g. bainite and
martensitein the sample materialBesides, core hardness withime sametrack is
also not thesame, therefore process capability would not be studied in this,dage
microstructures arestudiedinsteadfor comparison

It is generallythought that steels are homogenousowever,they are notin reality.
Chemicalcomposition vaies from thesurface to the corewithin the samesample
This iscalled segregation Forillustration of segregatios in the test sampls, seein
Figure48(a) to p) below.
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Figure48(a)

Figure48(b)

Figure48 Sgregation in case of sample 17

etched inrizél.

() 200 X: (b) 1000XVCE 2010)
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The nominal chemical composition of sample material2¥58 can beseenfrom
Tablel6 below.
Table 18Nominal chemical composition of2158 [L4]

% C Si Mn P S Cr V Al Mo

Min % | 0.1% | 0.150 | 0.090 - 0.040 | 0.900 - - -

Max% | 0.18 | 0.400 | 1.400 | 0.035| 0.060 | 1.400 | 0.010 | 0.030 | 0.010

The microstructure haia strongnfluence on hardness, feexample, the martensite
is the hardestmicrostructure compared withretained austenite and bainite. The
variations in microstructurg@robably results fronsegregatios and different cooling
rate (quenching speed)[S] According to Geoffreyl@99, within a certain range of
cooling rates, the alleyich areas have transformed to either martensite or bainite
while the areas which contaihess alloydavethe transformation from austeniteto
martensite and bainite with increasing amounts of pearlite and fewmiid the lower
cooling rates!® Segregation affects the hardness especially if it leads to local
concentrations ofpearlite or bainite in martensitic matrix Figures 49(a)-(g) shove
the core regions of each positidrom each track.

(@) Sample 1lcoreregion(359 HY), etched in 2%hital,500 X
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etched in 2%ital, 500 X

4core region(404 HY),

(b) Sample 1

etched in 2%ital 500 X

(c) Sample 19core region356 HY,
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(e) Sample 28core region375 HY, etched in 2%, 500 X
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V), etchedin 2% nital500 X

() Sample 36core region414 H

, 500 X.

% nital

etchedin 2

(g) Sample 39coreregion(395 HY,
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359

401

396

387

Track 1 Track 2 Track 3

360 405 389 381

3B6 304 404 400

356 368 395

404 393 383

373 414 375 3B0

395

372

364

395

Figure48(a) Sample 11; (b) Sample 14; (c) Sample 19; (d) Sample 21; (e) Sample 28; (f) Sample

(h) Mean core hardness

36; (g) Sample 3gh)Mean core hardness

Note that the chemical composition foaw materialis notstudiedin this project no
CCT diagramsre made to identify the amount of microstructure e.g. 40 %
martensite All graphsshown above are just for comparison of different core
hardness mean values

To investigatethe influence of factors on the respons, box plotsand multivari
charts aremade In Figure 50, the respongs core hardness arttie factor isTrack

One-way ANOVA: Core Hardness versus Track

Source IDF 55 M5 F F
Track 2 £22 311 1.24 0.30B
Error 24 8034 251
Total 26 ©656
S= 15.B6 F-Sg= 9.34% ©ER-Sqgiadj) = 1.79%
Individual 95% CIe For Mean Based on
Pooled 5tDev
Level & Mean StDev -
1 9 3B80.04 1B.8B ® }
2 9 391.67 14.BZ2 4 &
3 3 3IBT.33 13.64 \ B
370 380 390 4040
Pooled 5tDev = 15. Bb

Figure50 Oneway ANOVA Core hardness versus Trd®ICE 201(012]
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Boxplot of Core Hardness; VCE 2010

4204

410+ ‘

D
IS
2

W
@
S

Cor e Har dness
w
(e}
o

w
N
2

360+ |

350+

1 2 3
Track

Figure51 Box plot of Core Hardne$gCE 201(12]

The pvalue obtained in Figure49 i 0.308 whichmeansthere is no significant
difference between differenttracks. The individual 95%I1 (confidence intervglfor
mean based orpooled standard deviation showsack 1 hadower core hardness.
Box plot inFigure51 indicatesthat from track 1 to track 3 theariabilityis reducing
due to the trend of smaller box height.

If the factor is Position and the response is Coaeddess one-way ANOVA is made,
see in Figure 52.

One-way ANOVA: Core Hardness versus Position
Source DF 55 M3 F P
Position & 3184 338 Z.06 0.0%96
Error 1B 3472 193
Total 256 E&56
Tz 13.B3 F-Zg= 47.B3% 17} = 24 65%
idual 95% CIs For Mean Based on
Pooled StDev
Lewvel N Megan StDew +
1 3 3B1.7B Z2Z.B4 &
2 3 370.8B9 15.83 &
3 3 397.87 5.89 &
4 3 3293.89 10, 3E &
5 % 33B.2Z2 36T &
& 3 394,83 9.17 &
7 3 393.56 18.0Z #
g 3 373.22 1.58B %
3 3 373.00 19.97 &
g8 B4 400 418
Pooled StDew = 13. B9

Figure52 Oneway ANOVA: Core Hardness versus Pogi/@t 201()L2]
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Boxplot of Core Hardness; VCE 2010

4204

410+

D
)
2
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|
| _#

w
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P
|

Cor e Har dness

&
é

3601 “— —

350+

1 2 3 4 5 6 7 8 9
Position

Figure53 Box plot of core hardneg¥CE 201(0)12]

The pvalue in Figure 52 is 0.096, higher than 0.05 with means there isno
significant difference amontie mean valus of corehardness Note that position 1,
2, 8 and Qresent lover meansthan the rest of the positions?osition 3, 4, 5, 6 and
7 showsrelatively similar mean valueseein the box plot above.

Theinfluenceof factor Upper/Lower on Core Hardness is shown in Figure 54 below.

One-way ANOVA: Core Hardness versus Upper/Lower
Source OF 58 M5 F P
Upper/Lower 2 660 330 1.32 0.2B5
Error 24 5996 250
Total 26 BB56
= 15.B1 F-Sg= 9.92% F-Sqladj) — 2. 41%
Individual 95% CIe For Mean Baced on
Pooled S5tDev
Lavel N Mean StDev
Center 3 373.00 19.97
ower 12 3B9.58B 13.61 — B—————— ]
Upper 12 3B6. 44 16.95 | e )
360 372 354 398
Pooled 5tDew = 15. B1

Figure54 Oneway ANOVA: @e Hardness versus Uppedler (VCE 201(012]

60



Boxplot of Core Hardness; VCE 2010
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Figure55 Box plot of core hardneg¥CE 201(0)12]

The pvalue inFigure54 is0.285 which g larger than sethe level of significance
(0.05. This meanshat the differencebetweenthe upperand lower positions of the
furnace isnot significant The boxplots from upper positions showider spread than
lower positionssee in Figure55 above. The box plot for Center doe€hhave the
upper and lower whiskers due to small amount of data.

The influence of Fully/Enpty loading conditionson core hardnesaising oneway
ANOVA testsiillustrated inFigure56 below.

One-way ANOVA: Core Hardness versus Fully/Empty
Source LOF 55 M5 F P
Fully/Eapt¥y 382 3BZ 1.52 0.22%9
Error 25 8274 251
Total 26 6656
S= 15.84 FR-Sg= 5.74% FR-Sq ::E,:u = 1.97%
Individual 95% CIe For Mean Based on
Pooled StDev
Lewel Mean StDev ——
Empty 9 391.67 14 .82
Fully 1B 3B2.69 16.30 B
37B. 0 3B5.0 392.0 399,40
Pooled S5tDev = 15. B4

Figure56 Oneway ANOVA: coredndness versus fully/empty loadéhck (VCE 201012]
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Cor e Har dness

Boxplot of Core Hardness; VCE 2010
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Figure57 Box plot of core hardneg¥CE 201(0)12]

In Figure57, the p-value from oneway ANOVAest shows that theres no significant
difference however,fully loadedtrack showsslightlylower core hardnes than that
of empty loadedrack The box plot ifFigure56 displays that fully loadedrack hasa

little wider spread aghe height of the boxvas larger than emptjurnace.To study
two factorsQnteractions, multi-vari charts are plotted in softwareThesefactors are
Track, Position, Upper/Lower and Fullyigty. The responsie mean core hardness.

c

Mea

Multi-Vari Chart for Mean by Track - Position

4204

410+

4007

3907

380+

370+

360+

350+

Track

® @ O
N

qu\ j\‘/.‘?i\
/

/ \
/ \

1 2 3 4 5 6 7 8 9
Position

Figure58 Multi-vari chart for mean core hardness by Trgdkosition(VCE 201()L2]

Themulti-vari chart above showthat track 2 differs a lot from track 1 and ®&hich
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might be due to track 2 is tested on the secataywhich is empty loadetrack and
track 1 and 3 mighbe disturbedby the warning on the first dags well

In order to investigatanteraction of Track and Upper/ Lower leveif the furnace,
multi-vari chart $ shown inFigure59 below.

Multi-Vari Chart for Mean by Track - Upper/Lower
400 Track
o 1
@ 2
® 3
390+ S
- - = _— —
- —%
Ve
7
Ve
380+ -
c //
o -
2
370
360-
350+ , , ,
Center Lower Upper
Upper/Lower

Figure59 Multi-vari chart for mean core hardness by Trgdpper/Lower(VCE 201(L2]

Note that Center is calculatedfrom three valus from all three tracks, whilethe
Upper and Loweare calculated from 12 values froall tracks. The lower part has
higher core hardness value than that of upper and cenrteis impossible to plot
multi-vari chart by Track Fully/Empty and Positioq Upper/ Lowe due to more
than 40% cells imissing in Nhitab datasheet, thus no charts amadeaboutthese
two factors. Multi-vari chartabout factors as position and fully/empty ishownin
Figure60 below.
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Multi-Vari Chart for Mean by Position - Fully/Empty

420+
410
400-
3
3901
2
3801

370+

360+

Position
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O 0O ~NO D WN B

T
Empty

T
Fully

Fully/Empty

Figure60 Multi-vari chart for meaaby Positiong Fully/ Enpty (VCE 201()L2]

In Figure60 above fully loadedtrack showslower core hardness than that of empty
loadedtrack which ismeasured from track 2, however, thdifference isvery small.

To study the interaction of Upper/Lower and Fullyfapty on core hardness,

multi-vari chart is shown in Figure 61.

Multi-Vari Chart for Mean by Upper/Lower - Fully/Empty

4004

3954

Upper/Lower
®) Center
L2 Lower
® Upper

T
Empty

T
Fully

Fully/Empty

Figure61 Multi-vari chart for Mean by Upperdwer ¢ Fully/Enmpty (VCE 201(Q)1L2]

From Figure61 above the conclusion could be made that the uppasition of
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empty loadedtrack hashigher core rardnesswhile the center show$ow core value
which is30 HV lower thampper parts. Theentralparts on all three tracks show low
core hardnessind empty furnace give a wide spread.

Summary otcapability study foicore hardness at¥CHEn 201Q all factors show high
p-values but core hardness varigem position to position and from tracto track.
One possible reasos due tothe amount of martensite and bainite in the core which
hasinfluenceresults however, production disturbancen the first dayand different
testing conditions could also affect ressilt
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3.5. Surface Carbon Content

3.5.1. Getrag All Wheels Drive AB

Surface carbon content and carbon profiles were determined Wwiboequipmentat
Getrag in 2009Surfacecarbon contents measured frorma layer thickness of 0.15
mm, seein Tablel7 below. The targéfor surface carbon content 8.8 wt % C, with
LSL at 0.7 wt% C and USL at 0.9 wt% C

Tablel7 Surface carbon content frotnack 1 and track PGetrag 2009)13]

Track Positon wt%C P-value Mean  StDev Track Position wt%C P-value Mean  StDev
0.83 0.207 0.842 0.027 0.83 0.459 0.852 0.024

0.81 - - . (.86 - - -

0.89 (.86

0.86 0.89

0.81 0.82

0.83 0.84

0.86 0.83

0.86 0.88

0.83 0.86

™3

1
1
1
1
1
1
1
1
1

(=N R R L L N S S ]
[ T o T L R L R N R L R N T L |
(== R R e R R SR TC R ]

Figure62 Surface carborontentof each positiorfrom track 1 and @etrag 2009)13]

Figure62 shows a differencébetween Upper and dwer positions of the surface
carbon catent. For further studyof differences, the stacking tray aredivided into
two parts, that is the Upper and awer half. 2sample ttests aremade tocheck out
whether there is a significant difference or not between two track$e pvalue is
0.416 whichis higher thanthe level of significance with=0.05, whichmeans that
there is no significant difference between two tragkand thusit is possible to
analyze hem as one groupgror track 1, track 2, track 1&2, Upper and Loweses,
surface carbon content anreormally distributed, therefore capability indices could be
obtained, sean Tablel8 below.
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Table18 Normality test of Track 2 andl & 2, Upper and Loweositions(Getrag 2009)13]

Track P-value
1 0.207
2 0.459
1&2 0.065
Upper 0.140
Lower 0.056

StDev
0.027
0.024
0.025
0.018
0.021

Mean
0.842
0.852
0.847
0.832
0.862

Distribution

Mormal
Mormal
Mormal
Mormal
Mormal

The mean valuen Tablel8 shows thatthe lower part hasa higher mean valuthan
upper part, and track 2 haa higher mean than track.1Capability indices are
obtained from Minitab seein Tablel9 below.

Tablel9 Capability indicesfdrack 1, track 2, track 1&2 pper andlower positions(Getrag 2009)

Track Sample N Pp
1 9 1.24

2 9 1.40
1&2 18 1.32
Upper 10 1.90
Lower 10 1.59

Ppk
072
0.67
0.70
1.29
0.60

Cpm Target LSL
0.64 08 07
0.55 08 0.7
0.61 08 07
0.88 08 07
0.49 08 0.7

USsL
0.9
0.9
0.9
0.9
0.9

Pp valuesin Table 19 for all casesare OKbut correction $ needed for track 1 to
achieve higher performandedex The upper pe has thehighestPp which indicates
that the carbon potential isvell controlled at upper half of furnaceoFtrack 1 and 2,
the former haslower Pp value but higher Ppk value whicteansthe processis
better centered. The lower positions of the furnace shdmws Ppk and Cpmaalues
which means the process is afértered even worse.
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Capability Histogram of track 1 Capability Histogram of track 2

I5L Tarpgst sl 5L

Target el
[ [ — - [ T | — I
| | | | | |
| | | | | |
| | | | | |
| | - | | | =
= 4 |
| AT | | |
| \QL | | |
0.720.750.780.810.840.870. 90 0.720. 75 0. 78 0. 81 0. 84 0. &7 0. 50
a) b)
Capability Histogram of track 1&2| Capability Histogram of Upper
]'.S|T. Ta::l\et U‘Sir. ISL Tare=t T5L
— | I o |
| (I I I I I
| I I I I I
| | | | A |
| | =~ | I I I
A
| ™4 | | | |
AL L Al
|' T T T T T T T T v |' T T T P T T T
0.720.Te0.T80.81 0,84 0,870,580 0,720,756 0,78 0.81 0,84 0,87 0,80
C) d)

Capability Histogram of lower
ISL Targ=t 5L

0,720, 750, T80, 810. 840, 870, 90

e)
Figure63 Capability Histogram of a) Track 1; b) Track 2; c¢) Track 1&2; d) Upper part; €) Lower part
Getrag 200912]
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Normal Prob Flot of track 1
AD: 0,452, P: 0,207

Normal Prob Plot of Upper
AD: 0,519, P: 0,140

c)

. [}
? ?
0.80 | 0.58 0.5 0.80 0.85 0,80
a) d)
Normal Prob Plot of track 2 Normal Prob Plot of lewer
AD: 0.320, P: 0.458 LIE CLEEE, Pt 005G
*
e
0,80 0.55 0,90 U.%S n,éu ' n,és ' u,%u u,és
b) e)
Normal Prob Plot of track 1&2
AD: 0,874, P: 0,065
-
»
0.a80 0.85% 0.490 0.95

Figure64 Normal Probability Plot of a) Track 1; b) track 2; c) Track 1&2; d) Upderwer
Getrag 200912]

In Figure 63,he spread isvide in relation tothe tolerancelimits, andall procesgs

are not centeredwith low Pk and Cpm which meartkat there is potential to make
improvement by controlling the carbon atmosphere ithe furnace for higher
capability indicesOne suggestion is to improve the gas circulations in the furnace.
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3.5.2. Volvo Construction Equipment AB

Surface carbon contenpf the samples from VCBvas determined with Leco

equipment at Getrag in 2010The resultfor each casesi shown in Tabl0. The

targetvalue is 0.8@t% Cwith LSL and USL are 0.70 and @®% C, respectively.
Table20 Surface carbon contentdm track 1,2 and3 (VCE 2010)

Track Position Carbon Content®% P-value Mean StDev
0.84 0122 0.829 0.5

083 - - -

0.85

0.84

083

0.80

083

0.84

0.83

=

W = Mk wh

Track Position Carbon Content % P-value Mean StDev
1 0.78 0.231 0777 0.014

0.79 - - -

0.79

0.79

0.76

077

077

0.76

0.79

%]

[ R LSRN I O B L R S LS BN |
L~ WM

Track Position Carbon Centent% P-value Mean StDev

3 1 0.82 0.731 0.828 0.010
3 2 0.83 - - -
3 3 0.84
3 4 0.83
3 L) 0.82
3 6 0.81
3 7 0.82
3 8 0.84
3 9 0.84
Track 1 Track 2 Track 3
0.84 0.83 0.78 0.79 0.82 0.83
0.83 0.30 0.76 0.77 0.87 0.81
ThE 0.79 0.81
0.85 0.81 0.79 0.79 0.84 0.83
0.83 0.84 0.77 0.76 0.82 0.84

Figure64 Surface carbon contermtubes(VCE 2010)

In Tade 20 and Figure®65, it is shown that track 1 and Bave higher mean surface
carbon content tharthat of track 2. The mean value for track 1 and@ slightly
different (0.001wt% O from each otherwhich is neglectable 2-sample ttests are
madein Minitab, and the p-values for track 1&2andtrack 2&3are evenlower than
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expectedvalueof 0.05whichmears the significance differenaxists For the caseof
track 1&3 the p-value is 0.831 which means thers no significant difference
between mearvaluesof tracks1l and 3 thusit is possible to analyze them together
Thenormality test resultsare shown in @ble 21 below. Becauseall of them havethe
p-values higher than 0.05, therefore capability indEcan beevaluatel to analyze
the processPp,Ppk and Cprare shownin Table 22

Table 2INormality tests of track 1, track 2, track 3 and traé3 (VCE 2010)

Track Sample N P-Value Mean StDev Disttibution
1 9 0.122 0.829 0.015 Normal
2 9 0.231 0.777 0.014 Normal
3 9 0.731 0.828 0.010 Normal
1&3 18 0.478 0.829 0.013 Normal

Table22 Capability analyses of track 1, track 2, track 3 and traek 3(VCE 2010)

Track SampleN Pp Ppk Cpm  Target LSL USL
1 9 2.21 1.56 096 080%C 070%C 09%C
2 9 243 1.87 120 080%C 070%C 09%C
3 9 3.15 227 1056 080%C 070%C 09%C
1&3 18 263 1.88 104 080%C 070%C 09%C

For capability indices inable 22 track 3 showghe highest Pp value aB.15which
meansthe furnace isreally good. Bsides Ppk and Cpm arhigher than the other

two tracks. For the first test, track 1 and 3 were put in the furnace at the same time
with the same temperature and carbon potential, however, track 1 shows less Pp,
Ppk and Cpm than that from track 3, which means track 3 is mgabda of meeting
specificationghan track 1 The combination result of track 1 and 3 shows that the
first capability study has good Pp and Ppk value but low Cpm value, which refers to
the process is not centered within specification ran@be Figure66 indicatesthat

the furnacecanbe dividedinto two parts where Upper positionshasslightly lower
carbon conten, and Lower part showsigher carbon content.

Feed direction Feed direction

0.83 0.78 0.82

Front 0.84 Front 0.79 Front 0.83

0.84 0.83 0.83 0.78 0.79 0.78 0.83 0.84 0.83

Back 0.83 Back 0.77 Back 0.82

0.84 0.78 0.83

Track 1 Track 2 Track 3

Figure66 Mean surface carbon content of each cubic f&¢€E 2010)
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Lower positionsof the track give a little higher surfacecarbon content thanUpper

positions with the difference 00.015 wt% C for track 1, 0.003wt %C for track 2 and

0.013 wt% C fotrack 3.Further analysesf the spread and distributiom areshown

in Figure67 and 6&elow.

FProcess Capability of Track 1

Process Capability of Track 3

N

/N

I
I
I
I
I
I
I
I
I
I
I
I
I
:
)

]

u] %2 D,%S 0. 78 0. 51 D,é4 0. s87 0. 90 0.%2 0.%5 0.%8 0.51 0.54 0. 87 0. a0
Process Capabilitw of Track 2 Process Capability of Track 1&3
_I_ -—“I “I_ _I_ B IV= _I_
| | |
I I I : : }{?\ :
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | | |
| | | | | |
| | |
| | L :/ |
| | | | L |
Al L e A

a. Tz a. TS .78 o.81 0. 84 a. 8T 0. 90 a.T2 .75 o. 78 . 51 0. 54 o.37 Q. an

Figure67 Histogram of track 1, track 2, track 3 and track 18¥@E 201(q)1L2]
Normal Prob Flot of track 1 Nornal Prob Plot of track 2
iD: 0,53, P: 0,122 AD: 0,43, P 0,231
[}
*
0.50 0.83 0.90 0.75 0.78 0.81 0.4

Normal Prob Plot of track 3
A 0,228, Fi 0,731

Normal Prob Plot of track 143
AD: 0,332, P 0.478

0. 86

0.80 0.82 0.84

Figure68 Normal Probability Plot of track 1, track 2, track 3 and track Q&3E 2010)
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In Figure 67 the mean values of surface carbon content from Track 1 and 3 are
located to the USL which means the process meaedaager than the target, while

the mean valuefrom Track 2 is shifteftwards of the target.Note that the measure

result of Position 3 on Track 1 is larger than 0.85 wt % C, which can have influence on
mean and spread, see in Table 20 and Figurdr68rderto investigate factors such

as Track, &5tion, Upper/Lower part and Fullyfapty loadedtrack, oneway ANOVA

and multivari chartsare made

The influence ofactor of Track on the response of Surface GartContent is shown
in Figure 69

One—way ANOVA: wi% C wersus Track

Source IF 53 Mz F F
Traclk 2 0.018025 0.003012 45 50 0,000
Error 24 0004226 0. 000176

Total 26 0020251

3 =0.0132T E-5q = 79.13% E-Sqfadj) = TT.39%

Indiwidual 95% CIs For Mean Baszed on
Fooled Stlew

Lewel W Mean Stlew t } } }
1 9 0.82944 001509 [————%——=]
z 9 0.7TTTIL 001373 (———%——-)

3 9 0.82311 001058 [===——t=——=]

0. Tao 0.800 0. 8z0 0. 540

Foolad Stlew = 001327

Figure69 Oneway ANOVA: Surface carbon content versus TMCE 201(0)1L2]

Grouping Infermation Using Tultey Method

Track N Mean Grouping
A

3 9 0.525311
1 g 082762 A
z 9 0.TTT11 B

Means that do not share a letter are significantly different.

Figure70 Grouping informatio’VCE 201(L2]

The differences ofthe mean surface carbon contentsbetween the Tracks are
significant since the galues ardess than 95% confidence interwaith alpha=0.05
seein Figure69. According to groupinghformation in Figure70, track 1 and 3 are
within the same grup, and track 2 is in the other one whicleansthat the awerage
does not share a letter arsignificantly different.
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Boxplot of Surface Carbon Content versus Track
0.850
| I
0.825 N /e
(§)
X 0.8004
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|
0.775 ¥
0.750- : . .
1 2 3
Track

Figur&’1 Box plot of surface carbon content versus tré¢CE 20101 2]

The box plot inFigure71 showsone outliers in track 1 with mearsurfacecarbm
contentof 0.793 wt %Track 33 the most stable track of the three as the upper and
lower whiskers havalmost the same length aritie medianline is close tadhe mean
valuepoint.

The influence ofactor of Position on response of surface carbon content is shown in
Figure 72

One—way ANOVA: wi% C wersus Position

Source IF 53 M= F F
Pozitiem 8 0002710 0.000340 0.35 0,934
Error 18 0.017532 0000974

Total 2B 0020251

S = 0.03121 E-Sq = 13.43% E-Sqladj) = 0.00%

Indiwidual 95% CIs For Mean Baszed on
Fooled Stlew

Level W Mean Stlew t t t t
1 3 0.81600 0. 03208 [ * ]

2 3 0.81533 002540 [ * 1

3 3 0.82500 003051 [ * 1

1 3 0.82133 0.02548 I; * ]

5 3 0.79300 0.03751 [; * ]

B 3 0.TI2RT 0.02080 O * ]

T 3 0.80833 0.03075 I * ]

o 3 0.8098T 0. 04475 I; * ]

9 3 0.81868T 002706 I * ]

0. T30 0.&§10 0. 540 0. 870

Fooled Sthew = 0.03121
Figure72 Oneway ANOVA: Surface carbon content versus pos{i@E 201(L2]
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Figure73 Grouping information(VCE 201()1L2]

Thefactors of positionsare shown inFigure72, p-value wa really good at 0.9Band
grouping information showeall positiors stay in one group. Advidenceproved
that thereis no significant difference from surface carbon content among positions.

Boxplot of Surface Carbon Content versus Position
0.850 |
0.8259 || be S — ] —
e-\qar/ B — /"B‘
] —: Y
O a
£0.800+ EX
= L | \@
0.775
0.750 - T T T T T T T T T
1 2 3 4 5 6 7 8 9
Position

Figure74 Box plot of surface carbon content versus posiig€E 201()1L2]

Note that position 8 irFigure72 presentsthe largestbox height, whichleadsto the
spreadfor three valuesare the largest The median value in position 8 ipositive
skewed. Position 6 presesithe leastbox shape with mean and median at the center.
The wide spread for all pagins isprobablydue to the disturbance from the test on

the first day.

The influence of thefactor of Upper/Lower position orthe response of Surface
Carbon Content is presented in Figure 75.
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One—way ANOFA: wi% C wersus Upper/Lower

Source IF =3 Mz F F
Upper/Lower 2 0.000751 0.00037S% 0.46 0,635
Error 24 0.019500 0000812

Tatal 28 0.020251

3 =0.02350 R-5q = 3.T1% ER-Sqladj) = 0.00%

Indiwidual 95% CIs For Mean Bazed on TFooled Stllew

Lewel ) Mean Stllew t } } }

Center 3 0.G1867 0.02706 * 1
Lower 12 0.51558 0.020982 - e )
Upper 12 0.80STS 0.02739  (—————-—- gmmm )

0. 800 0. 820 0. 540 0. 560

Fooled Stllew = 0. 02850

Figure75 Oneway ANOVA: Surface Carbon Content vetfyser/Lowerpositionsof furnace
(VCE 201q12]

The pvalue inFigure75is 0.635 higher than level of significan@dpha=0.05). The
upper part of the furnace haa lower mean surface content than that of center and
lower part.Note that the mean of the center isalculated from three values on each
track.

Grouping Infoermation Using Tultey Method

Upper/Lower N Mean Grouping
Center 3 0.8186T A
Lower 12 0.512558 A
lUpper 12 0.80575% A

Meanz that do mot share a letter are sigmificantly different.

Figure76 Grouping informatioVCE 201(L2]

Boxplot of surface carbon content versus upper/lower
0.850 |
0.825
e— | ¢ \
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Figure77 Box plot of Surface Carbon Content versus Upper/L@WeE 201()L2]
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Grouping informatiordisplayed thregpositionsare in the same groupgNote that all
positions, Upper, Lower and Center, consist of the test results frah loading
condition (Day 1 and Empty loading conditionDay 3 which resultsin wide spread
and skewness.

The influence ofactor of Fully/Emptyloadedtrack on response of Surface Carbon
Content is shown in Figure 78.

One—way ANOVA: wi% C versus Fully/Empty

Source IF vy Mz F F
Fullw/Emptyr 1 0.01601T 0.016017 94 .57 0.000
Error 25 0.004234 0.000189

Total 26 0020251

3 =0.01301  E-5q = 79.09%  E-5qladj) = T5. 26%

Individual 95% CI= For Mean Baszed on
Fooled Stllev
Lewal N Mean Ztlew t } } }
Empty 9 0.77T11 0.0137T3  (————%——-)
Fully 18 0.8287T3 0.01266 [==—t=—=1

0. Tao 0.800 0. 8z0 0. 540

Fooled Stlev = 0.01301
Figure78 Oneway ANOVA: Surface Carbon Content veFauly/Empty[12]

Grouping Information Using Tukey Method
Fully/Empty N Mean Grouping

Fully 16 0.82878 A
Empty 9 0.777T11

Means that do mot share a letter are significantly different.

Figure79 Groupinginformationand Tuke@® output(VCE 201()L2]

Boxplot of Surface Carbon Content versus Fully/Empty
0.850-

0.825 /

%)
£0.800-
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Fully/Empty

Figure80Box plot of Surface Carbon Content versus Fully/Empty lodekl(VCE 201()1L2]
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The pvalue for the factor ofully/Empty loadedrackis shown inFigure78 which is
zero. That means theres ia significant difference between fully and empty loaded
track Groupinginformation in Figure79 also explains that fully andngpty loaded
tracksprovide two different performances. Fofully loadedtrack, there are outliers
close to lower whisker and the meamlueand median shargthe same position in
the bax. Thebox plot inFigure80 showsthe spread andendencyof two cases. For
the case of empty loadettack, the median line shiftto the upper Q3 line which
indicates the data argoositive skewed however,the lower whisker g longr than
upper one whictrefersto the negative skewness tendency. One outlier appeared in
the fully loadedtrack

For comparing factointeractionson responseof surface carbon contenimulti-vari
charts are used. These interactions are TiaBlosition, TrackUpper/Lower, Psition
¢ Fully/Empty and Upper/Lowey Empty.

Multi-Vari Chart for wt% C by Track - Position
0.850 A Track
o 1
& 2
®@ 3
0.825 &
- ®
_ \ -
\ _|e
o \
0.800 P
§ ~
0.775
0.750+ T T T T T T T T T
1 2 3 4 5 6 7 8 9
Position

Figure81 Multi-Vari Chart fosurfacecarbon content by TrackPosition(VCE 2010)
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Multi-Vari Chart for wt% C by Track - Upper/Lower
0.851

Track

0.84 1

® e O
N

0.83-
0.82- o
0
£0.811
=
0.80

0.797

0.78

0.77 A

T T T
Center Lower Upper

Upper/Lower

Figure82 Multi-Vari Chart for surface carbon content by Trgalpper/lower (VCE 2010)

Multi-Vari Chart for wt% C by Position - Fully/Empty

Position

0.84 - o 1

2 2

0.83 ® 3

) 4

0.82 A ] 5

o 6

0.81 1 w 7

(®) o 8

% 0.80 1 <o o
E 0.79 1
0.78 1
0.77 1
0.76 1

0.75 : :
Empty Fully
Fully/Empty

Figure83 Multi-Vari Chart for surface carbon content by Positidrully/Empty(VCE 2010)
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Multi-Vari Chart for wt% C by Upper/Lower - Fully/Empty
0.84 1
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0.82 - 7
0 0.81 1 Y
L v
2 .80 /

0.79 A /

0.78 1 /
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T T
Empty Fully
Fully/Empty

Figure84 Multi-Vari Chart for surface carbon contgMCE 2010)

Themulti-vari charts above compardawo factor interactionson the single response
surface carbon content-igure81 showstrack 2positions5 and8 havelow carbon
content. For track 1 and track 3he lowest carbon content is gtosition 6. Figure80
comparestwo factorsdTrack versus Uppemdwere by surface carbonantent. Mean
surface content a ranked by center, lower and upper positidgfigure83 takesthe
influence of loading capacity into account. Note that formgynloaded case, mean
value arecalcubted from track 2 which refert® the average of 9 samplebowever,
for fully loaded condition, the mean comesom 18 samples. Both curseshow
fluctuation at positionsThe capacity for the furnace D.77 wt% C for empty loaded
condition, and it could achieve 0.83 wt% C with fully loaded traekin Figure84.

Summary ofcapability studyfor surface carbon content of theamplesfrom VCE
furnacein 2010, track 2which istested on the second daghowsthe least surface
carbon contentFor capability studies, all tracks show good Pp values but relative low
Cpm values. TracR is the most capable of meeting specifications since its high
process capability indice3.he Wper positionsof the furnace show lower surface
carbon content than that of the dwer positions Fully loadedrack shows higher
surface carbon contdrthan that of empty loadedrack
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3.6. Temperature Uniformity Survey (TUS)

Temperature uniformity is defined ashe temperature variationghat stay wthin
certain temperature rangeThe objective for tempeature uniformity survey (TUS i
to ensure an esn temperature in the furnace acating to the procedurdan AMS
2750D? By checkng temperature distributiors through the furnacepossiblecold
and warmzones can be identifiedwhich directly leading to furnacenprovement
actions. All requirements andprocedures are written in AMS2750D? but the
standard doesiot describehow to analyze the temperature data anstatistical way.
For the temperature unformity survey results, this report only covers the
measurementgrom Getrag and VCig 2010.

3.6.1. GetragAll Wheels Drive AB

To measurgemperature alogger of the model -paq 21 with9 thermocouples (TCs)
areused atGetragin 2010 Four of them are located freely inupper positionsof the
furnacecalleddire or &Free thermocoupleg(TCs). @e i fixedin uppercenter. The
remaining four are positionedwithin dummy samplesat the bottom which ae
nameddsamplé 2 Nddn-T N Ssiseein the Figure8s.

Track 1 Track 2

Figure85 shows the positions ofGin Getrag 2010

The purposefor two types of TCs, free and ndree, is to compare temperature
variations. The temperature data r@ logged at the frequency d Hzfrom room
temperature till room temperature However,according torequirementsthe logging
at all positionswith a frequency of at least two minuteand at mos six minutes
during the whole measuremenffter the working temperature haveen reached
and the values a stabilizedloggingmust be performedat least 30 minutes and
under nocircumstances may the $@ a position lesshan or exeed the limits of
tolerance.”? According to AMS27506) the furnace clasis Five and targt valueis
91*C with the tolerances of + 14°C in the stable zone.
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Figure89 The stable zone of track,Zsetrag 2010

Figure 86 and 87 illustrate temperature versustime of the two tracksin Getrag
Figure88 and 8%resentthe stable working temperaturef both tracks. For the TCs
4 and8 on track 1 both temperature curves showdecline trend but TC8 increases
suddenlyfrom 14:36:35 to 14:49:Q5vhich sthe same interval as théeed rate13
min/position. The stable zone of trackshowsin Figure89, where TC8 and 7 show
high temperature valuesit time interval from12:50:24to 13:14:24 all temperature
curves excep®b, suddenly turnupwards and then back ttheir original level. For
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temperature curve 6, the trend iopposite and temperature variesrom 903°C to

901°C, then after 14 minutes badlo 902°C.

It is impossible to use all logged temperature data within the stable bawause of

the large amountof noises, buin accordance with AMS 2750 the temperatures
should be recorded within the interval of 2 minutes to 6 minut€bus,different
intervalsare chosen and compared from r@inute, 2.5minutes, 3minutes, and 3.5

minutes till 6 minutes to check which intervals g the best distributions and

capability indicesThebestinterval for track 1 ig minutes whereasfor track 2 is

05:40.

Table23 Statistical analysis results for trackGetrag 2010)

Time Interval
4 minutes
Channel 1
Channel 2
Channel 3
Channel 4
Channel 5
Channel 6
Channel 7
Channel 8
Channel 9

P-value

0.242
0.911
0.300
0.393
0.276
0.072
0.039
0.055
0.115

Pp

5.52
4.82
8.86
3.42
4.92
4.48
4.20
1.45
3.36

Ppk

3.39
3.75
5.18
2.89
3.23
3.87
2.64
1.21
2.20

Cpm

0.84
1.40
0.78
1.80
0.93
213
0.86
1.17
0.91

Mean

904.6
906.9
804.2
912.2
905.2
808.1
904.8
912.3
905.1

Stdev

0.8460
0.9676
0.5268
1.3648
0.9482
1.0420
1.1100
3.2130
1.3882

L5SL
896
896
896
896
896
896
896

896
896

Target
910
910
910
910
910
910
910

910
910

UsL
924
924
924
924
924
924
924

924
924

Distribution from TC7 ontrack 1 presents a low pvalue which means it doesot

follow a normal distributionDistributionfrom TC 8 showthe widest spread at 3.213
and the highest mean value in stab#mne. Comparm with 1.33 which is the

benchmarkvalue forcapabilityindex, TC 3 shows the best capabilitgmperature
from TC6 hasgoodprocesserformance withPp=4.48, Ppk=3.87 and Cpm=2.13
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Histogramsdn Figure88 showv the meanvaluesand spreadrom 9 TCon track 1.TC8
from track 1givesthe widest spread and highest mean value ofth# others TC7
doesnot follow a namal distribution.

Table24 Statistical analysis results for track@etrag 2010)

Time Interval P-value Pp Ppk Cpm Mean Stdev LSL Target usL
0:05:40
Channel 1 0.209 1,44 2.71 0.82 504.5 1.0506 856 910 524
Channel 2 0.416 7.30 3.32 0.35 502.4 0.6351 856 910 524
Channel 3 <0.005 3.49 2.67 - 507.1 1.4700 256 510 924
Channel 4 0.016 2.01 2.20 - 503.2 1.8400 850 910 524
Channel 5 0.265 4,70 3.30 1.06 505.8 0.9923 296 510 924
Channel & 0.887 3.13 1.36 0.56 902.1 1.4528 8596 910 24
Channel 7 0.050 4,28 3.62 1.89 507.8 1.0504 296 510 924
Channel 3 0.132 1.70 0.95 0.67 503.8 2.7486 856 910 524
Channel 5 0.520 2.30 2.84 0.69 503.5 0.8807 856 910 524

In Table24 TG 2, 5 and 9 sholow spreadswhich means the data argtable. T€3
and 7 showhighmean valuesTCs 3 and 4 from track 2 shovelativelylow p-values
both of which ardower than 95% confidenceterval with alpha= 0.5, which results
in rejecting of the null hypothesis and accepting the alternatiypothesis. For T3
and 4, Pp and Ppk arealculated from software Minitabfollowing norrnormal
distributions and no Cprare obtained.
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Figure91 Capability Histogram &fG from Track Note thatTG 3 and 4 daot follow normal

distributions(Getrag 2010)12]
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Capability histograms ifigure91 show meansand spreads of thalistributions. Note
that TC7 is close to the target, TC 8 hasvide spread, and B3 and4 donot follow
normal distributions. Also note that all distributions leftwardhift which means the

temperature mean values are lower than the target

Oneway ANOVAs applied among factors such as Track, Position andaxrffeand
the responseis meantemperature within the stable zond& he first analysisibased
on factoras Track anthe response is mean temperaturetime stable zone.

One—way ANOVA: Mean wversus Track

Source IF by Mz F P
Traclk 1 29.78 29.756 4.15 0.05%
Error 16 11492 T.13

Total 1T 144 648

%= 2 B30 R-Sq = 20.53% R-Sqladj) = 15 62%

Indiwidual 95% CIs For Mean Bazed on
Fooled Stlew

Lewel H Mean Stllew t t } }
1 9 QaT.05 3149 I; * 1
z 9 404,45 205 O * 1

a4, 0 05, & Q0T 2 A, &

Pooled Stllew = 2. 68

Figure92 Oneway ANOVA: Temperature mean versus T(&krag 2010)12]

Grouping Information Using Tukey Method

Track W Mean Grouping
1 9 90T7.051 &
2 9 904478 A

Means that do mot share a letter are sigmificantly different.

Figure93 Grouping information andukey@output (Getrag 2010)12]

In Figure 90, the p-value is 0.059 which ishigher than 9586 of confidence interval
with alpha= 0.05 It refers to there $ no significant difference between tracks. Note
that temperature meanof track 1 ishigherthan track 2 andt also hasa higher
standard devition, seein Figure92. Grouping information inFigure93 revealsthat
track 1 and 2 do not share a letter were significantly different.
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Boxplot of Temperature Mean
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Figure94 Box plot of temperature mean versus tragketrag 2010)12]

Box plot inFigure94 showsa similar positive skewnesfor both trackswith longer
upper whiskerand the median lines are close to the first quartile line at the bottom.
Track lalso hasa wider spread than track 2.

Next analysissi to investigatethe influence ofdPositioné on mean temperature
Oneway ANOVA method is applied by Mean versus Position.

One—way ANOVA: Nean wersus Position

Source IF =5 [ F F
Fositien & 2004 3.7 0.29 0,954
Error 9 115.3 12.8

Tatal 17T 1447
S =3.57T9 E-Sq=2033% E-Sqladj) = 0.00%
Individual 95% CIs For Mean Baszed on

Fooled Stlew
Level N Mean Stlew t t t t

1 2 904,56 0.0% 1 * 1

2 2 o04.B3  3.200 O * 1

i 2 905 BT 2.09 I e 1

4 2 907.B3 .33 I * 1
5 2905 51 044 I e 1

g 290509 4,27 [ * 1

T 290833 215 I * 1

g 290808 602 I * 1
g 2904, 33 116 1 * 1

a0, a o040 . a 91z.0

Fooled Stllevw = 3.558

Figure95 Oneway ANOVA: temperature mean vs. PosiijGetrag 2010)12]
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Grouping Information Using Tultey Method

Position H Mean Grouping
a0, 052
07, BES
Q0e, 325
05, BRT
an5. 515
a5, 092
04, B30
04, 55T
ang, 327

Ll e ) N FE I R
[ e e A e
B

Mean=z that do not share a letter are significantly different

Figure96 Groupinginformation (Getrag 2010)12]

The pvalue inFigure95is 0.954 higher than the levef significance (alpha= 0.05)
TC 8 has the largest mean and standard deviation of allCs The groupig
information inFigure96 reveals that all T€arein the samegroup, thus the influence

of position is not significant.

Thenext analysiss based on theype of the thermocouples (TCgither Fee TCin

the furnaceatmosphereor Nonfree TCin the test samples.

One—way ANOVA: Nean versus Air/Sample

Source IF s [ F F
hir/Sample 1 19.90 19.90 255 0,130
Error 18 12479 T.80

Total 1T 144 849

S =279 E-Sq= 13.76% E-Sqladi) = 8 37%

Indiwidual 95% CIs For Mean Bazed on
Fooled Stlew

Lewel H Mean Stllew t t
hir 10 904.88 1.83 O * 1

Sample & 906.94 35 B4 I *

05, 6 aT. 2 aoE.

(=

04,
Pooled Stlew = 2. 749

Figure97 Oneway ANOVATemperature mean vs. Air/Samigéetrag 2010)12]

Grouping Information Using Tukew Method

Air/Sample H Mean Grouping
Sample G 906,940 &
Air 10 904,824 A

Means that do not share a letter are zsigmificantly different.

Figure98 Groupinginformationand Tukef® output(Getrag 2010)12]
The pvalue fromone-way ANOVA ifrigure97is 0.130 which meanthe differences
between the TCs in the air ama the sample @& not significant. Nt that the mean

of Free TC is lower than thosedaommy samples. The grouping

informah shows

Free and No#iree TCs share the same group and @oésignificantly different, sem

Figure96.
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Boxplot of Temperature Mean
912
910+
908+
c
[
g ‘ 2
906 /
S
904 |
902 ‘
T T
Air Sample
Air/Sample

Figure99 Box plot of Temperature megiGetrag 2010)12]

Box plot inFigure 99 shows temperature mean for fee and Nonfree TG. The
medians forFree and Notiree TCs i@ similar The box height revealhe spread of
the mean value. For Nefmee TG, they haveawider spread thariee TC

To analyze the influencef dTrack sidé on the response of mean temperature,
one-way ANVOA test implemenid. Note that TCs 1, 3, 5 and 7 on track 1 and 2, 4,
6 and 8 on track 2 are determined é@uter positions in the furnace. The TCs 2, 4, 6
and 8 on track 1 and TCs 1, 3, 5 and 7 on track 2 are determir@dnas positiorg

of the furnace.

One—way ANOVA: Nean versus Track =side

Source IF = M= F F
Track s1de 2 TO.20 3380 9.07 0.003
Error 15 B5.50 4.37

Total 1T 144,89

S = 2090 ER-Sq=5473% E-Sqladj) = 48 70%

Indiwidual 95% CI=z For Mean Bazed on
Pooled Stllew

Lewel H Mean Stlew t t t }
Center 2 904.33 1.16 1 * )

Inside & 90310 2,80 [=——— h————— 1
Outside & 90373 1.14 [———— h————— 1

a0z.5 05. 0 07,5 310.0

Fooled Stlew = 2.09

Figurel00Oneway ANOVA: Mean temperature versus Track €iktrag 2010)12]
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Boxplot of Mean Temperature
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Figurel01Box plot of Mean temperaturéGetrag 2010)12]

The pvalue is obtained at 0.003 which is lower than 95% of confidence interval with
alpha= 0.05. The individual 95% coefide interval for means based on pooled
standard deviation in Figure 100 shows that there is a signifitiffierencebetween
inner andouter part of furnace.In Figure101, the box plotof insideTG showshigh
mean temperature and negative skewness, while the outgidsitionsrevealslow
mean temperature but positive skewness.

To compare two or nore factors onthe response multi-vari chars areused. The

multi-vari chartin Figure102 showstemperaturemean as a function gfosition. TCs
4 and 8 o track 1 showed igher mean than that of track 2. T@sand 7on track 2

showshigher man than the same positionsndrack 1.
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Multi-Vari Chart for Mean by Track - Position
Track
912 o 1
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Figurel02 Multi-Vari Chart for Mean by TrackPosition(Getrag 2010)12]

Multi-Vari Chart for Mean by Track - Track side

910+ Track

® 0
N}

909+

908 «
907- % \

906+ 4 N

Mean
AN
7/

905- 4 AN
904

903+

902+

T T T
Center Inside Outside
Track side

Figurel03 Multi-Vari Chart for Mean by TrackTrack sid€Getrag 2010)12]

For TG at innerpositionsof the furnace, they havéigh mean temperaturg, and
outer and centralTG haverelatively similar meas. In allpositions inside, outside
and center, track 1 showed higher mean tperature than that of track 2 seein

Figurel01 above.
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Multi-Vari Chart for Mean by Air/Sample - Track
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Figurel02 Multi-Vari Chart for Mean by Air/'Samptelrack(Getrag 2010)12]

Figure104 illustratesthe difference between free and neinee TG at bothtracks.

The Nonrfree TC®n track 1 had the largest mean temperature than the other cases.

Multi-Vari Chart for Mean by Air/Sample - Track side

910+

909+

908

907+

Mean

906+

905

904+

903+

Air/Sample
o) Air
2 Sample

T
Center

T T
Inside Outside

Track side

Figurel05Multi-Vari Chart for Mean by Air/'Samptelrack sid€Getrag 2010)12]

Figure105 shows the interactioa between Free/Norree and Inside/@Qtside TG.
The inner noHree TCs showhe highest temperature, anduter free TCshowthe
least extremevalue
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Summaryof TUS at Getraigp 2010

Track 2 ignore stable than track tegardingtemperaturevariationin the stable
zone.

Track 1 imbout 2 degrees warmer thamatck 2 within the stableone.

The Nonfree TCs arabout 2 degrees warmer than that of Free type, which
means the mean temperatures within the sample arewarmer than the
temperature in the furnace atmosphere.

The inner bttom part of the furnaceshows high mean temperature

Positiors 4 & 8 on track 1 and positi@B &7 on track 2 present fluctuation of
temperature within the stable zone.
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3.6.2. Volvo Construction Equipment AB

Temperature uniformity survey was performed on track 1 and 3 by the same type of

TG at VCHEn 2010. The measurements of temperature were logged at every five
seconds however,in accordance with AMS 27807 the interval should be within 2

to 6 mnutes. Thus, different intervals havieeen chosen to check whethdr could
obtain good distribution and capability indices onot. In the end, 3.5 minutessi
chosen for track 1 and 4.5 minutes thosen for track 3 he tanperature versus time
plots areillustrated in Figure106 for track 1 andrigure107 for track 3. The stable
working temperature zonés presented inFigure108 and 109respectively.

Temperature vs. Time from VCE Track 1
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Figurel06 Temperature versus Time from VCE TrafKQE 2010)
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Figurel07 Temperature versus Time from VCE TrafKGE 2010)
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The Stable Zone of VCE Track 1
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Figurel08 The Stable zone of TracKMCE 2010)

The Stable Zone of VCE Track 3
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Figurel09The Stable zone of TracK\3CE 2010)
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Table25 Statistical analysis result for tracKMCE 2010)

Track and postions  P-value Pp Ppk Cpm Mean Stdev LSL  Target USL
Track 1 - - - - - -
Channel 1 0.748 6.01 3.45 0.75 920.7 0.5550 915 925 935
Channel 2 0.047 6.29 2,71 0.56 919.3 0.5300 915 925 935
Channel 3 0.048 6.94 3.37 0.62 919.9 0.4810 915 925 935
Channel 4 0.114 14.54 5.61 0.52 918.9 0.2290 915 925 935
Channel 5 <0.005 4450 2.710 0.81 921.1 0.7490 915 925 935
Channel 6 <0.005 4410 1.690 0.52 918.8 0.7560 915 925 935
Channel 7 0.006 7.180  2.840 0.51 918.7 0.4640 915 925 935
Channel 8 0.008 5.580  1.450 0.43 917.6 0.5970 915 925 935
Channel 9 <0.005  6.400 1.820 0.45 917.9 0.5210 915 925 935
Channel 10 0.305 5.80 3.21 0.71 920.5 0.5750 915 925 935
Table26 Statistical analysis result for trac\3CE 2010)
Track and positions  P-value Pp Ppk Cpm  Mean Stdev LSL Target USL
Track 3 - - - - - -
Channel 1 0.178 19.78  8.12 0.54  919.1 0.1685 915 925 935
Channel 2 0.318 17.00  5.95 0.49  918.5 0.1960 915 925 935
Channel 3 0.005 31.72  10.54 0.48 918.3 0.1050 915 925 935
Channel 4 0.007 8.16 1.90 042  917.3 04080 915 925 @ 935
Channel 5 0.077 9.410 3.730 053  915.0 0.3540 915 925 935
Channel 6 0.618 8.390  3.140 0.51 918.7 0.3980 915 925 935
Channel 7 0.017 5.580 1.720 045 9179 05690 915 925 @ 935
Channel 8 0.292 3.980 0.790 0.40 917.0 0.8370 915 925 935
Channel 9 0.095 3.630  0.900 0.42 917.5 0.9180 915 925 935
Channel 10 0.174  13.00  4.3% 0.48  918.3 0.2560 915 925 935

The capability indices in Tak® and 26 are really good which mears the furnace is
highlycapable of meeting thepecification limits. Althoughome of the distributios

do not following normal distbutions, still mean value and spread could be
compared withthe ones that followed normaldistributions. In temperature versus

time plots inFigure106 and 107 conclusion can be drawn that track 1 shdvigher
mean temperature than that of track I Cs8 and 9 on track 3 showigh standard
deviatiors and a littldower than the rest TCs
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distribute normally(VCE 2010)
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Figurel11 Capdility Histograms from track 3.
Note that 3, 4 and 7 dmoot follow normaldistribution (reddish lines)VCE 2010




Capabilityhistograms ofTG 5, 6, 7, 8 and 9have pvalues lower than 0.Q5seein
Figure 110. However, comparisors could be made to find spread and shape of
distributions as well Note that TG 8 and 9are moreshifted to the LSL sid¢han the
rests. In Figure 109, temperatures from TC 3, 4 and 7 doot follow normal
distributions.

One—way ANOVA: Nean temp wersus Track

Source IF S5 [ F P
Traclk 1 B.TGE B.T86 B.9T 0.01T
Error 18 17.515 0.973

Total 19 24301

5= 0.9864 E-Sq = 27.93% E-Sqladj) = 23.92%

Indiwidual 95% CIs For Mean Baszed on
Fooled Stlew
Lewel W Mean Stlew t t } }
1 10 919,337 1.193 I; * 1
3 10 918,172 0.7T1E I * 1

917,70 215, 40 213,10 319, 30

Fooled StDew = 0. 956
Figurel12 Oneway ANOVA: Mean temperature versus TraéRE 2010)1L2]

Grouping Information Using Tuley Method

Track H Mean Grouping
1 10 9193370 A
3 10 918 1720 i

Mean=z that do not share a letter are significantly different.

Figurel13Grouping information and Tuk&output (VCE 201(q1L2]
The oneway ANOVA analysis in Figure 112 show that there is a significant difference
in mean temperature btween track 1 and 3, thereforfactor dTrack affectsmean
temperature.

Boxplot of Mean Temperature from VCE 2010
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Figurel14 Box plot of Mean Temperature from VCE 2(112)
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Box plots in Figur&l4shows that track 1 mean lgher than tack 3. The median of
track 1 isclose tothe Q1 line, while track @ median lie shifts to the Q3 line.
Generally, the larger of box size, the wider of the spread.

To analyze the influerc of dPositiorf on the response of Mean teperature,
one-way ANOVA test imade.

One—way ANOVA: Nean temp wersus Fosition

Source IF 53 Mz F F
Pozitiem 9 15071 1.B7S 1.81 0,183
Error 1 9.230 0,923

Tatal 19 24 301

S = 0.9807 E-Sq = B2.02% R-Sqladj) = 27.53%

Indiwidual 95% CI= For Mean Bazed on
Pooled Stllew

Lewel N Meann Stlew } t t t

1 2 919,925 1,153 i * ]
2 2 915905 0.573 I * )|

3 2 919,000 1.089 I * )|

4 ? 915095 1. 082 [ * ]

5 2 920,030 1.513 i * )|
B Z 915 790 0.071 I * ]

T 2 918 310 0523 i * )

& 2 917.295 0.431 ¥ 1

a 2 917.870 0.255 i * )

10 2 919,435 1.549 I

4+

#
916.5 15, 0 913.5 9z1.0

Fooled Stlew = . 961

Figurel150neway ANOVA: Mean temperature versus Posif/dGE 201()L2]

Grouping Information Using Tultey Method

Pozition H Mean Grouping
Q0. 0300
Q19,9250
19, 4350
19, 0900
18, 050
Q15 To00
18, 3100
15, 0950
1T, &TOO
17, 2950

el Tm RS i ) e e e |
[ e e e A e e T S e
Fr P [P P B Fr Fr P B Fr

Means that do not share a letter are significantly different

Figurel16 Hsu@ MCB and groupirigformation (VCE 201(L2]
In Figurel115, the pvalue is0.183 whch s more than 95%f confidence interval
with alpha equals to 0.05. It means there are significant dierences among mean
temperature of positionsTC8 and 9 give relative low mean temperatur€rouping
information in Figure 114 reveab that all positions aran the same groupwvhich
meansthat do not share a letter are significaptifferent.

To analyze the influence dactor oFree/Nonfree TCé on the responsedmean
temperaturest, oneway ANOVA test is madeNonfree TCs refer to the
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thermocouples that insert in the samples in order to measure the temperatutke
dummy samples. Free TCs refer to the thermocouples that attached freely in the
furnaceatmosphereto measure the temperature in thiirnace

One—way ANOVA: Nean temp wversus Free/Non free

Source IF 53 M= F F
Free/Hon—free 1 414 414 3,89 0,071
Error 15 20016 1.12

Tatal 19 2430

S =1.058 E-Sq=17.08% E-Sqladj) = 12.41%

Indiwidual 95% CI= For Mean Fazed on Fooled Stllew
Lewel ) Mean Stllew t t t t

Fres 12 919.13  1.13 [; * ]
Hon—free 8 91820 0.93 [; * 1

1T 40 315. 00 915, B0 919. 20

Pooled Stllew = 1.06

Figurell7 Oneway ANOVA: Teperature Mean versus Free/Ndree (VCE 201()L2]

Grouping Information Using Tultey Method

Free/Hon—free N Mean Grouping
Free 12 919,126 A
Hor—free g 915.19T7 A

Mean=z that do not share a letter are significantly different

Figurel18 Grouping information and Tuk&output(VCE 201(q1L2]
The result fromFigure 118 and 118howsthat there is no significant difference
between the Free/Norfree type TCsIn other words,factors dFree/Nonfree¢ does
not affect mean temperatures within the sable zone.

Boxplot of Mean Temperature from VCE 2010
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Figurel19 Box plot of temperature mean versus free/ndnee (VCE 201()L2]

106



The box plots in Figure 1T®mparesmeantemperatures of Free and dh-free TG.
For Nonfree TG the mean value anthe median aresimilat

To make analysis of twiactors, multivari charts weremade in Minitab. In Figure
120, a multivari chart is shown with Mean temperature as response and Position

and Track as factors.

Multi-Vari Chart for Mean temp by Track - Position
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Figurel20Multi-vari Chart for temperature mean by Tragkosition(VCE 201()L2]

In Figure118, all positionson track 1show higher mean temperature than that of
track 3. Position 8 and 9 in bottacksshowslow mean values.

Multi-Vari Chart for Mean temp by Track - Free/Non-free
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Figurel21Multi-vari Chart for temperature mean by Tragkree/Nonfree (VCE 2010)

In Figurel21, Free TCs havagher mean temperaturgthan that ofNon-free TCs.
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Summary offUS at VCig 2010:

Track lis cne degree warmer thatrack 3 within he stableworking zone

Position 5 on both tracks ithe warmestiocation and position 8 orboth tracks
was the coldest position.

Free type ofTCs TG) show higher mean temperature than Noffree TCsTG),
which mears the tempeature of the furnace ishigherthan the temperaturein
the samples.

Temperature froml'C4 on track 1 showthe highest capability indices within the
stable zone.

Temperatue from TC2 on track 3howsthe highestcapabilityindices within the
stable zone.

108



4. Discussion

4.1. Getrag All Wheel s Drive AB

The TUS (temperature uniformity survey) was performed in 2010, therefore in this
section onlyTUS resultare discussed.

The stable zonefor track1 and 2 in section 3.6.1 shadifferent mears and trenck.
TG 4 and 8on track 1, whichare ron-free insamples showhigh mean temperature
in the stable zone. From 14:36:25 to 14:48;4pproximately 13 minuteghe mean
temperature ofTC4 suddenlyincreagswith 5 degreesTC6 on the same track also
shows a simdr variation at the same timeinterval, which isalsoa nonfree TC On
track 2,TC3 also shows a sudden increasem 12:48:54 to 13:0@&4. Bothtracks
show similar phenomenais probably due to the fiture of the TG in samples,
however, the conclusion could not be drawnvith certainty because allTG
mentioned above are located at inner bottom positions ofthe furnace Other
possible reason for th@Warm Zoné at inner bottompart of the furnace probably is
due to the location of theelectrical heating elements The electrical heating
elemens are located at the central bottonpositionsof eachtrack which could have
influenceson uniformity of thetemperaturewithin the stable zone.

4.2. Volvo Construction Equipment

In this section, botltapability parameters ahTUS resultgr 2010will be discussed

For caséhardeningdepth, track 2showsdeeper case depth than that of track 1 and 3.
The reasorfor the differenceis probablydue to the loading conditionAt the first

test the furnace vasfully loaded withcomponentson track 1 and 3 while track 2ag
loaded with empty trays. The test samplevere loaded on track 1 and 3t the
second test the furnace &g loaded in the same way as in the first test. The test
samples were loaded on trackwdth empty trays in front and behind?osition 7 a

track 1 showshe lowest CHD value, which could result from the error of one time
measurementFor process capability index, track 2 shows good Pp but bad Ppk and
Cpm values.

For surface hardnesshe resultsfor all three tracks showhigh capability indices
Track 3 shows higher Pp and Ppk values than that of track 1 whgkested under
the same loading condition, with the same temperature and carbon potential.

For core hardnessdue to segregatios in the center of the sampke the

measurements chosen at position of 6 mm from the surfacén order to increase
the accuracy of the measuremegrthree indentationsare made. Te results varied
from position to position and from track to trackiote that the variations from three
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measurements at one position is relatively small, however, the variations between
positions and tracks are somewhat lar@ore hardness is affected bgmbinationof
guenching variatioeand measurement error.

For surface carbon content, track 3 shows the largest Pp andv&épksof three
tracks but relative low Cpm value, which means the process of track 3 is capable of
meeting specifications but not centeredithin the tolerances Note that track 2 has

the mean value close to the set valubut track 1 and track 3 have high carbon
content due toproductiondisturbance

For TUS (temperature uniformity surveyigh capability indices frorboth tracks
show good capabilityof producing components within tolerags. Forprocess
capability studies not all distributions follow normal distributiong but the
temperature & stable and withirthe tolerance ranges, thus normality hota critical
issue fotemperatureat each position but its the primaryrequirementfor capability
studies. For thos@ G that donot follow normaldistribution, meantemperatureand
the shape oflistributionsare studied.

The production disturbancein the furnace when conduatg capability studies of
Track 1 and Track 3.

Surfacehardness increasesith increasing of the temperature in the stable zone at
VCE in 2010however,surface hardness decreases slightly wiikkreasing of the
temperature in the stable zone &etragin 2009. (Seén AppendixE)

Core hardness decreassfightly with increasing of the temperature in the stable
zone at VCEin 2010, however, core hardness increases with increasing of the
temperature of the stable zone &etragin 2009. Seein AppendixF)

Case depth increases withcreasing of the tempmture inthe stable zone both in
VCE 2010 and Getrag 2009 however, the tendencies are not significalfeein
AppendixG)

Surface carbon contentlo not show enough evidence to prove the correlations
between the meantemperaturesof the stable zonan VCE 2010while at Getrag
surface carbon content decreases with increasing of the ntearperatures of the
stable zone (Seein AppendixH)

Surface hardness decreases wititreasingof surface carbon content both in VCE
2010 and Getrag 20095€ein Appendixl)

There isno correlation between core hardness and surface carbon content, see in
AppendixJ.
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Case depth decreases with increasing of surface carbon content in VCE 2010, while
case depth increase slightly with increasing of surface carborenbim Getrag 2009.
However, the trends are not significari®eein AppendixK)
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5. Conclusions and Guidelines

5.1. Getrag All Wheels Drive AB

The furrace in Getrag 19K which meangemperatures in all positiogare within
tolerance limits however,all positiors show severd degrees colder tharthe set

point values. Track 1 isvarmer than track 2 within the stable working zonEhe
mean temperaturesneasuredwith TG in the samples arevarmer than freeTG in

the furnace atmosphere. The inngositionsof both tracks ae& warmer thanouter
positions Positions 4 and 8 on track 1 and Positions 3 and 7 should be paid special
attention in future capability studies.

5.2.  Volvo Construction Equipment

The furnace in VCE good regardingtemperatures in all positios, however, all
positions showsseveral degree®f temperature lower thanthe set target values
Track 18 warmer than track 3. THEG free in furnace atmosphere argarmer than
those within the sampls. Position5 is the warmestiocationon track 1 and 3, wihe
position 8 s the coldest ofoth tracks.

Track 2which s tested undera low loading conditiorachievesa deeper case depth,
but lower surface hardness anower surface carbon conterthan that of trackl or
track 3

For a fully loaded track track 3 ahieves slightly deeper depth, lower surface
hardness and slightly lower surface carbon content than tradesides, track 3 also
shows higher process capability indi¢Pp, Ppk and Cprif)an track 1with regard to
case depth, surface hardness and surface carbon content.

5.3. Guideline for Process Capability Studies

One aim of this project i® try to find out suitable methods fagvaluation ofprocess
capability studies in heat treatmenEigure122 illustrates apossible road map for
how to realizeit step by step. The first steg to make MSA (Measurement System
Survey)or SAT (SysterAccuracyTest)to assurethat the measurement system has
enoughaccuracyto obtain measurement datalhe next st@ is measurement of data.
After measurement calculation is made to obtairmean values and standard
deviatiors. For advanced statistical analysis using software sudWiratab is then
performed. The next step is to analyze cause of variation for the idedtif/ariations
and deviations. The final step is toreate an action plan for e.g. furnace
maintenance
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Figurel22 Process Capability Studies in Heat Treatment Road Map
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Figurel23Process Capabilinalyseg$12]

Figure123 shows the method fomnalyzingnon-normal distribution data. Typically,
there are twoavailable methods to perform a valid capability analyistee current
distribution isnon-normal.

Transform the nomormal data by Johansson or BGox transformation so that
it fit to a normal distribution.

Try to fnd an alternative distribution that fito the current distrbution e.g.the
exponential distribution.
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6. Future work

Recommendations are that both companiesntinue to perform the complete
capability studies andnake comparisonsof results from consecutiveyears. The
capability parameters should be measured by same methods @sidg same
equipmentin order to eliminate erro

If possible, the interactionamong surface hardness, core hardness, surface carbon
content, case depth and temperature within stable zone should be studied. Fo
example, the interactios betweenmean temperature in stable zone and surface
hardness, surface carbon content, cdr@rdnessor case deptifrom dummy samples

or the relationshig between case deth and surface carbon content.

It is alsorecommendatd that the future workshouldcover sample materiahnalysis
e.g.usingchemical compositiof the sample for CCT diagram (continuous cooling
transformation diagram) calculations to usly the cause of variations in core
hardness andmicrostructures The problems with segregations in the samples
material should be investigated by using e.g. different heat treatments such as
homogenizationannealing and/or quenching and temperidg2 NJ ikl &ith a
minimum of inclusions like manganese sulfides

Typkally, in a six sigma projettvolvesdDMAIG which rekrsto Define, Measure,
Analyze Improve and @ntrol. The current project onlynvolves in the four first steps
without the next.Thus, infuture work it is importantto collect other factors that
affect quality parameters during productioriThe next step for this project is to
improve the current process or furnace based on the root causes and make control in
the end.
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Appendix A: Within - and Between - Subgroup Variation
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Within-subgroup variation takes into account of the shift and drift within subgroup.

Betweensubgroup variationgnores the shift and drift within subgroup but considers
between subgroups.
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