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Process Capability Studies in Heat Treatment

CHENG LIU

Department of Materials and Manufacturing Technology
Chalmers University of Technology

SUMMARY

Process capability, which is an important concept within statistical process control (SPC),
describes the ability of a process i.e. a thermal process to produce components within the
tolerance limits.

The purpose of this study was to identify possible methods for how to perform process
capability study and temperature uniformity survey. In this essay the capability of the case
hardening at continuous furnaces have been studied, considering a number of quality
parameters. The outcome form these parameters described how well the process could
produce components within the tolerances. The parameters of interest were case depth,
core hardness, surface hardness, and surface carbon content. Practical work was done at
Volvo Construction Equipment (VCE), Eskilstuna and Getrag All Wheel Drive AB, Képing. The
parameters were measured from dummy test specimens in Getrag All Wheel Drive AB, and
were analyzed by statistical software Minitab version 16.

Temperature uniformity surveys (TUSs) were studied for both companies according to
standard AMS 2750 D. However, it was not written in it how to make analysis of
temperature data. In TUSs, a datapaq with ten thermocouples where used during production
from which the temperature could be logged at different positions of the stacking trays and
over the entire cross-section of the furnaces. The furnace temperature was within the
specified tolerances; however, the significant differences within each track from each of the
furnaces were recorded. One of the furnaces was constructed with two parallel tracks while
the other was constructed with three parallel tracks. It’s related with the ratio of production
capacity for the actual furnace, it will also give information of how the degree of production
capacity is influenced by temperature uniformity.

The author recommends that both companies perform the same test next year. It is also
recommended that further research should be carried out by the methodology that was
utilized in this essay.

Keywords: process capability, heat treatment, statistical process control, temperature
uniformity survey, analysis of variance, standard deviation



Abstract

Process capability, which is an important concept within statistical process control
(SPC), describes e.g. the ability of a heat treatment process to produce components
within tolerances.

In this report, the capability of gas carburizing in continuous furnaces has been
studied considering a series of quality parameters. The outcome from these
parameters describes how capable the process is to produce components within the
tolerance limits. The parameters of interest are case hardening depth, core hardness,
surface hardness and surface carbon content. These parameters are measured on
dummy test samples.

In order to achieve better understanding of process capability for heat treatment
processes, other parameters such as furnace temperature, furnace atmosphere or
carbon potential and the quality of the steel material should also be included. If e.g.
the furnace temperature is too high or too low, it will have influence on the final
results.

In this project, temperature uniformity was studied in accordance with standard AMS
2750D. A Data-paqg with ten thermocouples was used during the studies with which
the temperatures were logged at different positions on the stacking trays and over
the entire length of the furnace. The furnace temperature was within the specified
tolerances, however, significant differences within each track in each of the furnaces
were recorded. One of the furnaces is designed with two parallel tracks, while the
other has three parallel tracks. The temperature uniformity survey will give
information about how process capability is influenced by the variation of the
temperature in the furnace.
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1. Introduction

The requirements and standards which are used for quality control of heat treatment
process have been reinforced by the emergence of new standards. CQI-9 [
(Continuous Quality Improvements) which was developed by the AIAG (The
Automotive Industry Action Group) addressed to the suppliers in the automotive
industry that purchases heat-processed components. AMS 2750D 2is the procedure
for which how a temperature uniformity measurement (Temperature Uniform Survey,
TUS) should be implemented.

To achieve these requirements, there are a series of tools such as MSA
(Measurement Systems Analysis) Bl spc (Statistical Process Control) 4 apQP
(Advanced Product Quality Planning) and PPAP (Production Part Approval Process)
that are used. A application of these tools in heat treatment is complicated and
sometimes virtually impossible, as in the case of SPC where heat treatment process
would be controlled by a few parameters e.g. hardness and surface carbon content.
These two parameters can be measured only after the heat treatment process is
finished, thus destructive testing and wasted components are necessary. In most
cases it is not enough with only examination of two parameters of the components,
but several other parameters should also be included in the analysis to obtain a
comprehensive view as to whether the process is under statistical control or not.

Capability studies can evaluate how well a machine or process is capable of
producing components within the given tolerance limits. An effective quality
management system should assure the quality of the components based on taking
appropriate corrective actions and measurement results. The tools used primarily are
to determine whether the machine is suitable for producing within the intended
tolerance limits. Normally, it is assumed that the process outcomes are normally
distributed, which is a great advantage when calculating capability indices, but
calculations can also be made for other distributions. However, the normal
distribution should be identified at first.



1.1. Background

Surface hardening is defined as a way of improving mechanical properties such as
strength, hardness and wear resistance of components. In order to improve these
properties of the component surface and maintain the toughness of the core case
hardening/carburizing method is widely used.

After surface hardening processes, several parameters are measured on components.
These parameters are surface carbon content (wt % C), case hardening depth (CHD),
surface hardness and core hardness. Only if the parameters are within the specified
tolerance limits, the batch can be approved. The measurement results of these
parameters are usually subjected to variations. The process capability is the ability of
a process to meet specification limits. Usually process capability is expressed by
process capability indices such as Cp, Cpk, Com, and process performance indices Pp,
Ppk and Ppm. Cp and Cpk indicate process capability indices which take subgroup
sizes into account, thus using “standard deviations within”, however, process
performance indices Pp and Ppk which ignore the variations within subgroup but
take the overall process into consideration, thus Pp and Ppk are calculated by
“standard deviation overall”. The differences of the standard deviation “within” and
“overall”, see in Section 2.3.3.

CQl-9 (Continuous Quality Improvements), ISO / TS 16949: 2002 and AMS 2750D
which are the standards used for evaluation and standardizing heat treatment
process, however, none of the standard describes how temperature data should be
analyzed and what problems might arise and therefore should be avoided. This
report addressed two different cases, one carried out at Getrag AWD AB in Képing
and the other was performed at VCE (Volvo Construction Equipment) in Eskilstuna.

For capability studies in VCE, a complete analysis was carried out which consisted of
process capability study and TUS (Temperature Uniformity Survey) in 2010, while at
Getrag only TUS was performed in 2010 but the results from 2009 were partly
presented for comparison. The sample material used at Getrag and VCE is V-2158
(Volvo Standard hardness class 60) which is a low alloy steel and the sample material
is of the same chemical composition.

In process capability study, only the main furnaces were studied which did not
include the complete heat treatment process. The results from test samples were
compared with the set target and tolerance limits. In this project, there were a series
of tools e.g. capably studies, cubes and TUS used to show how these should be
applied to heat treatment for the determination of process capability.



1.2. Objectives
1.2.1. Primary Goal

The project aims at exploring the possibility of a suitable method to improve the
process capability studies in heat treatment process and identifying the quality
parameters that should be included in the analysis. A further aim is to try to develop
a methodology for how temperature data should be analyzed in accordance with the
standard AMS 2750D [2], which is normally used to examine the uniformity of the
temperature in the stable working zone.

1.2.2. Secondary Goal

The secondary goal is to try to analyze furnaces to check if there is a problem and
find out possible interactions and connections between capability parameters and
mean temperatures in the stable zone. Besides, to develop a road map for future
process capability studies of hardening processes is also of interest.

1.3. Delimitations

The project was defined to investigate process capability of gas carburizing process.
The study does not include other hardening methods, the process change over time,
nor considers input raw sample material. For temperature uniformity survey (TUS),
only the main furnace is studied which refers to carburizing and diffusion zones, thus
pre-oxidizing, pre-heating, oil quenching, post-washing and tempering are not
investigated within this study.






2. Theoretical

2.1. Heat Treatment Processes

The definition of heat treatment from IFHTSE (International Federation for Heat
Treating and Surface Engineering) is a process subjected to thermal heating
(processing) and cooling with the intention of acquiring certain microstructure and
properties. BI' The thermal heating referred in this definition covers various heat
treatment steps which include stress relieving, austenitising, normalizing, tempering,
quenching and tempering. According to (Gale, W.F. and Totemeier, T.C., 2004)", steel
is heat treated in order to control the microstructure, change mechanical properties,
release residual stresses, prevent cracking, control hardness and improve
machinability of the component.

2.1.1. Case Hardening/ Carburizing

The purpose of carburizing is to obtain a high carbon content martensitic case on
components, giving high fatigue resistance and wear resistance to the surface region
but maintaining toughness of the core. The principle of carburizing in heat treatment
process is to increase the surface carbon content of low-carbon steel by exposing it
under a certain atmosphere at the temperature just above the austenitic
temperature (between 850°C to 950°C).[6] Hardening is achieved by quenching of
high-carbon surface layer in order to transform microstructures from austenite into
martensite.

Generally, there are two factors that affect introduction of carbon atoms into
austenite during carburizing. One is the chemical reaction that causes carbon to
absorb at the surface of the steel. The other one is the diffusion from the surface to
the interior of the steel. ") Carbon atoms are introduced into the steel by gaseous
atmospheres. In this project, gas carburizing was performed for mass production,
accurately controlled and minimum special handling. The most important chemical
reaction in such a furnace atmosphere is shown in Eq. 1 (&)

CO,(g) + C¥ = 2C0(g) (Eq 1)

Where, CY is carbon introduced into austenite. The carbon ratio of CO and CO,
gives a certain level of carbon in the austenite at equilibrium condition of the
reaction. If the CO content in the atmosphere exceeds the partial pressure required
to maintain the given carbon content, the reaction above will leftward shift and
carburizing will occur until a new equilibrium reached & This method is mainly used
for increasing the carbon content of low carbon steels to a higher desired value. On
the contrary, if CO, content in the atmosphere exceeds a certain value, then the



reaction above will rightward shift to achieve a new equilibrium condition. During
this reaction decarburization will occur. That is to say, the amount of CY in the
reaction above will decrease. The latter case can be used during heat treating
process when the carburizing exceeds from a set value, thus reducing the carbon
content in the steel is needed, for example from 1.3 wt% C to 0.8 wt% C. In diffusion
step, the initially high carbon content in the austenite immediately adjacent to the
surface diffuses into the interior to produce deeper case. " Except for the CO, COo,
reactions, other reactions will occur involving CH,, C;Hg, H, ,H,0 and N,. These
reactions are:

CO +1/20,=CO0, (Eq 2)

CH, & CY +2H, (Eq 3)

CO+ H,0 < CO,+ H, (Eq4)
C3Hg+50, «3C0,+ 4H,0(only oxygen is insufficient) (Eq 5)
2C3Hg+70, &2C0,+ 2CO + 2C + 8H,0(only oxygen is sufficient) (Eq 6)

Generally, methane (CH,) can only achieve carbon potential at a value lower than
0.8wt% C, therefore propane (C3Hg) is added for higher carbon potential purpose.

2.1.2. Quenching

Quenching is described as the rapid cooling of the steels to transform microstructure
from austenite into martensite. Generally, quenching could give cooling rate high
enough to avoid the formation of soft phases e.g. pearlite or bainite. The hardness of
the component is improved mainly because of the transformation from austenite to
martensite. The cooling rate at which the hardness achieves the highest value is
called critical cooling rate and this is probably due to the maximum transition of
martensitic phases which is the hardest phase in the steels. However, in practical
production, the cooling speeds for the outer and inner part of a component are not
the same. In other words, the surface has already cooled down but the core still
stayed at a relatively high temperature during quenching. The consequence is that
the hardness is not uniform from the surface to the interior part.

The hardness is a function of quenching rate, and there are two approaches to
overcome lack of through hardening. The first method is by introducing higher
amount of alloy elements. The second way is by increasing the quenching speed
(cooling rate). According to Nyborg (2009) [9], by introducing certain alloy elements
such as Cr, Ni and V often put off the transition of pearlite and bainite and decreases
MS (martensite starting transition temperature) on the surface which can affect
hardness and mechanical properties of the component, however he also mentioned
that some alloys are rare elements that are expensive and can also decrease the
machinability and formability of the steels during cutting and forging. ® The other
way of changing the cooling speed is by choosing a proper type of quenchant. 51
Cooling generally occurs in three distinct stages are shown in Figure 1.



They are:

® The first stage: “Vapor blanket effect” is caused by a thin vapor film of the
component surface and heat transfer is hindered by the vapor thus giving a
relatively slow cooling rate.

® The second stage: “Nucleate boiling stage” occurs when the vapor film collapses
and the hot metal surface is directly in contact with the quenchant, thus in this
stage high cooling rate is achieved.

® The last stage: Convective cooling stage, the stage with decline cooling rate and
heat is removed by heat convection to the quenchant.
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Figure 1 Three Stages of heat removal during quenching in liquid [9]

2.1.3. Causes of Variations

Douglas C. M. (2009, pp.64) (10 states that “Variation surrounds us. No two units of
product produced by a process are identical”. If you buy two bottles of Coca Cola, you
may not get exactly the same volume, and the height of a Cola varies from time to
time to a certain extent. Statistics is an art of analyzing data and drawing conclusions,
taking variations of the data into account. M The existence of variation makes it
imperative to use statistical process control (SPC) of process. In general, there are
two types of variations. They are: a common cause variation which is inherent in a
process and always present. The other is a special cause variation that refers to
unusual cases of variation that are not a typical part of a process. However, not all
special causes are detrimental to a process, some of them are beneficial.

There are many causes that have influences on the final results, such as manpower,
machine, methods and materials, etc. The cause-and-effect diagram is an informative




way for illustrating various causes of failures. Figure 2 shows the possible causes of
variation which result in failure to satisfy customer’s requirements. There are four
aspects used which can lead to dissatisfaction of the customers. They are: manpower,
machine, method and materials. Each division has many sub-divisions, e.g. the factor
of method used for statistical analysis whether is correct or not, the way of collecting
data and the behavior of the data.
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Figure 2 Cause-and-Effect Diagram



2.2. Investigated Heat Treatment Parameters

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

2.2.1. Case Hardening Depth (CHD)

Case hardening depth can be defined in different ways e.g. the depth to a given
hardness value, or the depth at which a certain carbon content is achieved.

According to Volvo Standard (STD 1094, 1) *! case depth is defined as the depth at
which 550 Hv1 is exceeded from hardness curves. Case depth is an important
parameter in heat treatments since it can be correlated to the mechanical properties
of the surface-hardened steel components. Figure 3 illustrates the hardness profile of
case hardened steel of V-2158 and how case depth is determined from hardness
profile.
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Figure 3 Example of Hardness profile and case depth (CHD); CHD=1.13mm with Hv 550

2.2.2. Surface Carbon Content

Before surface carbon content measurement, all samples are heated in a small oven
at temperature around 550°C for 1 hour followed by air-cooling to soften hard
surface and improve machinability, and then the samples are polished manually with
polishing paper in order to eliminate undesirable surface defects. After that lathe
turns on sample at three depths (0.15 mm in three steps, 0.25 mm in three steps,
and 0.4 mm in 4 steps). The total cut is 2.8 mm in diametrical direction, and metal
chips are collected for chemical analysis. The equipment for analysis is Leco, and
before measurement the equipment is calibrated with reference materials. Surface
carbon content is based on the chips from the first cut.



2.2.3. Surface Hardness

Surface hardness is measured by equipment Indentec by HRC 150kgf load (Hardness
Rockwell C) at Getrag. Before measuring hardness on sample surface, the samples
are polished manually with polishing paper in order to remove unknown surface
contaminates such as oxides which could affect test results. The polishing depth is
approximately less than 20 um. Then each sample is tested three times and the
distance from neighboring indentations is more than 2 mm to eliminate influences,
see in Figure 4. Mean values are calculated by equipment automatically.

Top 2mm  2mm

Figure 4 Surface hardness indentation positions

2.2.4. Core Hardness

Core hardness is measured by equipment Matsuzawa VMT7 using HV30 (Hardness
Vickers 30 kg) at Getrag. For each sample, three indentations are made and then a
mean value is calculated for each sample. The hardness is measured at depth of 6
mm from the surface and neighboring two indentations are approximately 120
degrees around the center of the sample rods, see in Figure 5.

Figure 5 Position of each indentation on the sample for core hardness measurement
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2.3. Process Capability Studies

2.3.1. Statistical Software Minitab

Statistical Minitab is kind of software for statistical analysis and quality improvement.
In this project, Minitab version 16 is applied for implementation of Six Sigma Quality
Tools and Analysis of Variance. The diagrams such as histograms, probability plots
and box plots are plotted in software for better illustration and visualization of
numeric data.

2.3.2. Standards (ISO TS 16949: 2002, CQI-9, AMS 2750D)

In this project, ISO TS 16949: 2002, CQl-9 and AMS 2750D are used to standardize
process capability study. The standard describes the requirements for quality
assurance of e.g. heat treatment processes and the equipment to be used at
processes requiring controlled temperature, furnace atmosphere and heating time,
etc. Some of the standards also define requirements for instrumentation checks and
temperature uniformity survey tests.

cql-o™ specifies the process requirements and is applied for continual improvement,
emphasizing defect preventing, the reduction of variations and waste in the supply
chain.

AMS 2750D 1 (Aerospace Materials Specification) covers pyrometric requirement for
thermal processing equipment used for heat treatment operations. It covers
temperature sensors, instrumentation, thermal processing equipment and how to
performance TUS (temperature uniformity survey). These are necessary to ensure
that components are heat treated in accordance with the applicable procedures.

2.3.3. Process Capability Indices

Process capability is the ability of process to produce components that meet
specification limits determined by e.g. customer’s requirements. Capability indices,
such as Cp, Cpk, Pp, Ppk and Cpm, estimate how capable the process is and compare
the capability before and after improvement. For process capability studies, the
process must meet two requirements. The process must be stable and the output
data must follow a normal distribution.

Process capability index Cp measures how capable the process is to satisfy
specification limits by using the “within subgroup variation” which analyzes the shifts
and drifts within subgroup. Higher Cp value, more capable the process is. 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 improvement. On the contrary, if

11



1.0<Cp<1.33, correction is needed for future improvement.

Process performance index Pp considers the “overall subgroup variation” of the
process that takes into account of the shifts and drifts between subgroups, therefore
Pp uses “standard deviation overall”. If calculating just Cp and Pp indices from
process is insufficient because they compare the process spread with the
specification limits without how far from the target, therefore, Cpk and Ppk are used.

Like index Cp, Cpk is using “standard deviation within”, 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 average to the lower and upper specification
limits, respectively. Process performance index Ppk takes “overall” variance from
process into account, which measures the distance of process average to the
tolerance limits. Ppk equals to the lesser of PPU and PPL which is similar to CPL and
CPU. 1.33 is used as benchmark value in most of cases. The drawback of Cpk and Ppk
is that both of indices only consider one side of tolerance (USL/LSL) without the
other (LSL/USL). Therefore, Taguchi index Cpm is introduced, which determines
whether the process meets tolerances and is on target. The ideal Cpm value is of 2.0
right stay on the target, however, 1.33 is a common value for most companies. The
formulas below represent how those indices are calculated in software Minitab. [12]

USL-LSL USL— LSL
Cp= 7( ) Pp = —( )
(6 * Jif"m’:m) 6 * O-(;h'e.l'ﬂ_-’."
cpy= USL=t) ppy= USL=u)
(3 O-H-’,-';.J'”'ﬁ) 3 = J{'J‘.'e.l'a."f
~ (u—LsL) L —
CPL ) (3 *O-H-'i.'fu'n.) PPL N [éii f}-i‘SL)
Overall
Cpk = minimum{CPU, CPL} Ppk = minimum{PPU, PPL}
(:?jm_ (USL — LSL) when LSL and USL are
- B given, and T=m
6 Z (x, = T)

(n, - l}
min (T — LSL.USL—-T) | when LSL and USL are

(:}Jm = . _
' 2 given, and T#m
’z (x, =7)
3 | =
(n—1)
& (USL-T) when USL and T are given
pm = - =
3k Z lx" - T)A
(n— l}
& (T — LSL) when LSL and T are given
pH=

o [ =T
(?z—l)
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T=Target

LSL= Lower Specification Limit

USL=Upper Specification Limit

pu= Process Mean

m= midpoint of USL and LSL

StDev= standard deviation

Owithin= Within subgroup process standard deviation

Ooverali=0verall process standard deviation

n = total number of observations

“Within” standard deviation ( owithin ) Can be estimated from control charts

R
R is average range Rand R= Ryax — Rymin (Within subgroups).
d, is a constant that varies with subgroup size.

N Xj—X)2 . .
® “Overall” standard deviation Ogyeran= /Z{l%, where x; is an observation

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

To compare the variation between “within” and “overall”, see in Appendix A: Within-
and Overall- subgroup Variation.
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2.4. Analysis of Variance (ANOVA)

Analysis of Variance (ANOVA) considers the variations from more than 3 levels of one
single factor by comparing means to evaluate the significance. One-way ANOVA
examines the equality of sample means when classification is by one variable. 12 The
factor which affects the responses or quality parameters refers to Track, Position,
Upper/Lower level of the stacking tray (furnace), Fully/Empty loaded furnace
condition and Inner/Outer part of the furnace. The responses which are described as
component quality parameters e.g. surface hardness, core hardness, case depth and
surface carbon content. The response is a result or consequence of the factor. For
example, the influence of loading conditions on surface carbon content is included in
this report. One-way ANOVA takes into account of one factor’s influence on single
response. However, in reality the response is affected by various factors in order to
analyze more than one factor, multi-vari chart is applied in the report.

In Minitab, the sources of variations, the degree of freedom, the total sum of squares,
the mean squares, F-tests and P-values are shown in software Minitab session
window, see in Figure 6.

. 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.

Figure 6 Some Statistics in session window in Minitab [12]

All of these statistics are used to analyze whether the factor has significant influence
on the response.

In One-way ANOVA, pooled standard deviation is used for showing 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 influence on the overall
estimate. *?
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Here introduce an example to study four groups from Software Minitab:

® Observations A (Mean=9.7, StDev=2.5 N=50)

® Observations B (Mean=12.1, StDev=2.9 N=50)

® Observations C (Mean=14.5, StDev=3.2 N=50) and observations D (Mean=17.3,
StDev=6.8 N=200).

The pooled standard deviation is 5.486 because it takes a weighted average which is
closer to a larger group size. [12]

Except for statistical methods mentioned above, graphs such as box plots, probability
plots and multi-vari charts are also used. Box plot is a rectangular box as showed in
Figure 7 (a) used to summarize the distribution of the data by the position of three
horizontal lines, height of the box and tail (whisker). The asterisk * 1 represents
outliers that is beyond the lower straight line 2 (whisker) and upper straight line 4.
Whisker lines (line 2 and 4) represent “the maximum data point within 1.5 times the
box height from the bottom” or “the minimum data within 1.5 times heights from
the top”. The length of whisker represents the scale of skewness. The three lines in
the box from the bottom to the top are the third quartile line (Q3 line) which means
75% of the data are less than or equal to this value. Median line refers to the 50% of
the data that are less than or equal to it, and the first quartile line (Q1 line) which
means the 25% of data are less than or equal to this value. The box height equals to
the distance from Q3 to Q1. If the median line is not centered in the rectangular box,
the distribution is skewed. Larger of the box, higher the spread is.

Boxplot of Surface Carbon Content versus Fully/Empty
0. 850 A |4
3
0. 825 _ 3
B
(&)
f 0. 800
= | ®1
0. 7751 o
0. 750 : :
Empty Fully
Fully/Empty

(a) Box plot; [12]
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b) Normal Probability plot; [12]
Figure 7 (a) Box plot; b) Probability plot [12]
Probability plot is a graph used to determine whether the data fit to a distribution or
not. The middle straight line refers to the fitted distribution line and the curved lines
represent 95% confidence intervals. P-value evaluates whether the distribution is
normal or other distributions e.g. Weibull or Exponential, see in Figure 7 (b). P-value
usually is chosen as 0.05. If the p-value from statistic is more than the level of
significance (alpha=0.05 or0.1), it would lead to not rejecting the null hypothesis. In
this project, level of significance values is always set as 0.05.

A hypothesis test is used to determine the validity of the statement that either
equals to or non-equal to a desired value. Generally, there are two statements about
hypothesis test. One is the null hypothesis H, which describes the statement such
as hardness, case depth or surface carbon content is equal to a desired value. The
other is the alternative hypothesis H; which states the parameters are not equal to
in the null hypothesis. No rejecting the null hypothesis means the parameter is equal
to a set value. Rejecting means the parameter either more than or less than the set
value.

Multi-vari chart presents ANOVA data in an easy way to study possible interactions
between factors and root causes for variations. In Minitab, the responses are chosen
as surface hardness, core hardness, case hardening depth, surface carbon content
and mean temperature values. Factor investigates the effects on the response
variables. For instance, we need investigate factors that could affect hardness during
the process. The following should be determined in the experiment:

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

Then, the influence of Track on hardness is shown in multi-vari chart.
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3. Experimental - Results

3.1. Heat Treatment Furnaces and Experimental Setup

3.1.1. Furnace at Getrag

The furnace at Getrag All Wheels Drive AB was Lol with double tracks in the main
heating chamber. The electrical heating elements were located in the roof and the
bottom of each track. According to AMS 2750 D [2], the furnace class is FIVE which
means the working temperature is within 910 £14°C. The furnace was divided into
three zones with feed rate at 13 min/position, however, there are no clear
separations between the different zones. The first zone is heating zone. The second
and third zones are carburizing and carburizing/diffusion zones, respectively. For
carburizing zone and diffusion zones the temperature is 910°C with the carbon
potential of 0.8 wt% C.

The measurement of quality parameters are derived from 9 specimens attached per
track. Totally 18 dummy samples are attached on a fixture at different positions as
shown in Figure 8. For samples on track 1, they are marked from 11 to 19. For
samples on track 2, they are marked from 21 to 29. Note that both process capability
studies and TUS were performed at Getrag in 2009, but only TUS was made in 2010.
For temperature uniformity survey (TUS) in 2010, the furnace was tested one per
track per day. The temperature was logged every five seconds by thermocouples (TCs)
that located at different positions of the stacking tray, see in Figure 9.

Trackl Track2

Feed direction

Figure 8 Samples attached on stacking trays at different positions (Getrag 2009)
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Figure 9 Positions of the TCs during TUS from track 1 and 2 (Getrag 2010)

Totally, there are nine thermocouples (TCs) per track which could be divided into two
groups, Free and Non-free type. In upper level of the stacking tray, four TCs are
located at each corner and TC 9 is attached in upper center of the stacking tray,
which is used for logging the temperature in atmosphere of the furnace. At lower
position, four samples are attached on the stacking tray with drilled holes (3 mm) in
the center, which are prepared for TC probes (2 mm) to measure the temperature
inside of samples.

3.1.2. Furnace at Volvo CE

The type of the pusher furnace at Volvo CE is Aichelin which is a continuous furnace
with three tracks parallel to each other in the main heating chamber. The electrical
heating elements are located in the roof of the main furnace. The pusher in the
furnace pushes the stacking trays automatically and continuously from one position
to the next. There are three zones in the main working chamber. They are carburizing
zone 1 & 2 and diffusion zone 3 with set working temperature of 925°C, 925°C and
860°C, respectively. However, there are not distinct separations between three zones.
The sample material used for tests is V-2158 (Volvo standard hardness class 60). The
samples are manufactured into cylinder shape with length of 120mm+0.5mm and
diameter of 25£0.03mm.

The heat treatment process in VCE consists of various steps which are presented as
follows; pre-washing at the temperature of 75 °C, pre-oxidizing at 400°C, pre-heating
at 900°C at zone 1 and 925°C at zone 2, then all three tracks are moved into the main
furnace, followed by oil quenching at 100°C, tempering at 160°C and finally cooling in
air to room temperature. The studies only includes the carburizing and diffusion
zones in the main furnace, thus pre-washing, pre-oxidizing, pre-heating, oil bath,
post-washing and tempering are not considered in this report.

In VCE, methane (CH,) gas is added in three zones as mentioned above, but only
propane (C3Hg) gas is added in carburizing zone one in order to keep carbon
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potential at 0.82 wt% C
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Air-cooling

Figure 10 schematically illustration of heating system at Volvo CE, 2010 [Appendix B]

In order to make comparison of whether or not empty loaded track have influences
on capability parameters such as case depth and carbon content, two tests are made
at VCE. At the first test the furnace was fully loaded with components on track 1, 2
and 3. The test samples were loaded on track 1 and 3. At the second test track 1 and
3 were loaded in the same way as in the first test. The test samples were loaded on
track 2 with empty trays in front and behind. (See in Appendix C).

The carburizing zones have the target temperature at 925°C with the carbon
potential of 0.82%. The diffusion zone is kept at 860°C with the carbon potential of
0.75%. Also note that there was a warning during production at the first test, which
could have some influences on capability studies from track 1 and 3.

Totally, 9 samples are fixed by metal wire upon the stacking trays. Eight of them are
fixed in each corner of the stacking trays and one sample is mounted in the cubic
center in order to check the central region of the stacking tray. For the samples used
on track 1, they are marked as 11 for position 1, 12 for position 2, 13 for position 3,
14 for position 4, 15 for position 5, 16 for position 6, 17 for position 7, 18 for position
8 and 19 for position 9, respectively. For track 3, samples are marked as 31, 32 and
33 to 39. Figure 11 shows the samples and fixture on stacking tray.
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a) Dummy samples on fixture b) Dummy samples on-site
Figure 11 Fixture, samples and track lane (VCE 2010)

For temperature uniformity survey (TUS), track 1 and 3 were investigated in 2010.
According to AMS 2750D 2 ten thermocouples are used per track which is slightly
different from Getrag’s measurement. Thermocouple (TC) 9 is fixed freely in the
furnace atmosphere beside TC 8 in order to record the temperature of outer sample,
see in Figure 12.

Track 1 Track 3
~i i
f’: Free TC :"“1
111 1 2|
= = 1 - I 1|
1 i L0 i
$‘| |{‘| I I'l"l -
151 159 10 16
[ I 1 11 (|
11 1_1 \ 1 (3
I
i 7 |19
i
|

Figure 12 Thermocouples positions on stacking trays. For position 3, 4, 7 and 8, thermocouples
were inserted within test samples (VCE 2010)
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3.2. Case Hardening Depth (CHD)

3.2.1. Getrag All Wheels Drive AB

Heat treated samples from the Getrag’s furnace were measured by three hardness
profiles per sample at Getrag in 2009.

Case hardening depth is determined at the depth where hardness value is at HV 550.
Measurement results for track 1 and track 2 are shown in Table 1 and 2 below. In
order to better recognize the fact that the case depth from each position on each
track, case depth cubes are shown in Figure 13.

Table 1 Measured case depth of track 1 [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

Table 2 Measured case depth of track 2 [13]

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 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

Figure 13 Case depth cube of (Left) track 1; (Right) track 2 [13]
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The target value is set at 0.8 mm with tolerance limits £ 0.1mm, which gives
USL=0.9 mm and LSL= 0.7 mm. The recommended minimum sample size for
normality test is 15, and if the sample size is less than 15, the result from the
normality test can be questionable. Since track 1 and 2 are tested under the same
condition (heated at the same time), combine both data and analyze them together.
Before combination, a 2-sample t-test should be made to prove the validity.

A 2-sample t-test is made to examine whether or not there is a significant difference
between the two groups of data. After the tests, p-value is 0.950 (which is more than
level of significance alpha=0.05), which means that there is no significant difference
between the mean values for each track, thus analyzing them together is possible.

Before capability indices calculation, case hardening depth data are investigated to
examine whether the data are normally distributed or not. The results are shown in
the Table 3 which turns out to have a p-value higher than 0.05, and thus normally
distributed (95% confidence interval and a=5%).

Table 3 Normality test of the case depths for track 1, track 2 and track 1&2[13]

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

Table 4 Capability analyses of the case depth for track 1, track 2 and track 1&2[13]

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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Figure 14 Capability histograms for case depth a) track 1; b) track 2; c) track 1&2; d) normal
probability plot of track 1, track 2 and track 1&2 [13]

The analysis of Pp, Ppk and Cpm shows that the capability of the furnace is good and
is performed within specification limits, see in Table 4 and Figure 14. For track 1,
track 2 and track 1&2, they all achieve high PP values which mean that the process is
capable of meeting with tolerances. Ppk and Cpm values indicate that the case depth
is well-centered on the target. Track 2 shows the highest Pp value with wider spread
but lowest Ppk and Cpm values if compared to other cases. This could be due to the
number of specimens are too few to obtain sufficiently good results but there might
be other causes, and therefore it is important to examine and compare with the
other parameters such as surface hardness, core hardness and surface carbon
content from the tests.
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3.2.2. Volvo Construction Equipment AB

After heat treatment, case hardening depth (CHD) was estimated from one hardness
profile (HV1) per sample at laboratory of Getrag in 2010. The measurement results
are presented in Table 5 below. For capability study, the target value is 0.95 mm with
the upper and lower specification limits at 1.10 mm and 0.80mm, respectively.

Table 5 Case depth of a) Track 1; b) Track 2; c) Track 3 (VCE 2010)

a)

Track 1

Track
1

Position Case Depth ( mm) Mean(mm)

1

000~ O M & WM

b)

Track 2

Track

ra

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

Position Case Depth ( mm) Mean(mm)

1

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

1.15

1.16

c) Track3

3

LW W W W W W

Track Position Case Depth ( mm) Mean(mm)

1 1.14
1.16
1.10
1.14
1.14
1.19
1.09
1.08 .
1.16 1.13

€0 00 =) Oh R e D0 Ra

1.13

1.14

1.16

1.16

Track 1

1.15 1.15

1.13 147

1.05 1.14

1.13

1.18

1.20

1.16

1.18

Track 2

1.14 1.16

1.14 1.15

1.16

1.10 1.14

1,09 1.08

Track3

Figure 15 Cubes of case hardening depth at each position on each track (VCE 2010)
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Feed direction Feed direction
1.14 1.16 116
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
108 116 1.10
Track 1 Track 2 Track 3

Figure 16 Mean case hardening depth on cubic faces (VCE 2010)

Track 1 and track 3 have relative similar CHD mean values at 1.12 mm and 1.13mm,
respectively. Track 2 shows the highest CHD mean at 1.16 mm of three tracks.
Position 7 on Track 1 indicates the least case depth at 1.02 mm as illustrated in Figure
15. CHD mean cubes are displayed in Figure 16 and the result turns out to be that the
upper positions have deeper case depth than the lower positions. The result also
shows the right and left side case depth from track 2 is the same but a little higher
than that of Track 1- Right and Track 3-Left.

2-sample t-tests are made to obtain p-values to determine whether or not the
difference significantly between two samples and one-way ANOVA is made to check
out the significant difference among three tracks. The p-value for track 1 and track 2
is 0.022 which is lower than 95% of confidence interval with alpha equals to 0.05.
The p-value for track 1 and 3 is 0.402 higher than the value of 0.05, and therefore
there is no significant difference between mean CHD of two tracks. The p-value for
track 2 and 3 is 0.047 which means the difference is significant that indicate not to
allow merging them. The p-value from one-way ANOVA test is 0.025. Only track 1
and track 3 could be combined and analyzed as a one sample group. After
combination, normality test is made to examine whether or not the data follow
normal distributions. If they are, then capability indices can be obtained and valid. If
not, other methods should be used for analysis. Normality test results are shown in
Table 6 below.

Table 6 Normality test of track 1, track 2, track 3 and track 1&3 (VCE 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 - - - -

27



Table 7 Capability analyses of track 1, track 2, track 3 and track 1&3 (VCE 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 Table 7 above, all cases present low Ppk and Cpm values which mean the process
is not centered but outside specification limits. Track 1 and track 3 have low Pp
values at 1.00 and 1.37 which indicate possible improvement for both tracks. On
track 2 Pp value is high at 2.29 which exceeds good value of 1.67. If compared
capability histograms and normal probability plots in Figure 17 and 18, conclusions
could be drawn that the process is close to the upper specification limit USL (upper
specification limit).
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Figure 17 Capability histograms of track 1, track 2, track3 and track 1&3 (VCE 2010) [12]
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Figure 18 Normal probability plots from track 1, track 2, track 3 and track 1&3 (VCE 2010) [12]

In normal probability plots, the central blue line is the fitted normal distribution line,
and the points are the measured values versus the percentage of values in the
sample that are less than or equal to it. From Figure 18, spreads and distribution can
be compared among track 1, track 2, track 3 and track 1&3. In normal probability
plots, AD values refer to Anderson-Darling statistics which should be as low as
possible, and the p-value should be more than the level of significance with alpha
equals to 0.05. If so, the distribution is normal, otherwise either transforming the
data to follow normal distribution or finding the possible best fitting to a non-normal
distribution to make a strictly correct statistical analysis.

To investigate cause of variance, one-way ANOVA is applied for different factors such
as Track, Position, Upper/Lower positions and Fully/Empty loading condition of 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

Figure 19 One-way ANOVA: CHD versus Track (VCE 2010) [12]
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If CHD is set as the response value and Track as factor, then a p-value is obtained. In
Figure 19, the p-value is 0.035 for “Track” factor which means that there is a
significant difference among three tracks’” CHD mean (chosen the 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.

Figure 20 Grouping information (VCE 2010) [12]

In Figure 20, 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 be merged and
analyzed together.

Boxplot of CHD versus Track
1. 20 |
| //ik\\ ‘
1.15' \
| e
o |
=
T 1.101 |
1. 057
1. 00- : : :
1 2 3]
Track

Figure 21 Box plot of CHD versus Track (VCE 2010) [12]

The box plot in Figure 21 indicates that track 1 has the widest spread because the
height of the box is the largest of the three. The variation on track 2 is small as shown
in the height of the box. All boxes have mean values higher than their medians,
which indicate the data are positively skewed.

To investigate the influence of Position on the response of CHD, one-way ANOVA is
performed in Minitab. The summary and box plot are 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

Figure 22 One-way ANOVA: CHD versus Position (VCE 2010) [12]

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

Figure 23 The grouping information (VCE 2010) [12]

The p-value in Figure 22 is 0.382 which means there is no significant difference
among all positions from all tracks. Position 9 has the highest CHD, while position 7
presents the lowest mean value. All positions within the same group, which means
the mean value share a letter that are not significantly different.

The influence of Upper/Lower positions in the furnace is studied. One-way ANOVA is
made with U/L as a factor. “U” means the upper positions of the furnace which
consists of four positions per track. “L” refers to the lower positions in the furnace
which consists of four values from each track. “Center” 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

Figure 24 One-way ANOVA: CHD versus Upper/ Lower positions of furnace (VCE 2010) [12]

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

Figure 25 The grouping information (VCE 2010) [12]

The p-value is 0.028 which is lower than significant level of 0.05 in Figure 24. The
difference is significant for CHD between the upper and lower positions in the
furnace. Grouping information reveals all positions, upper, lower and central belong
to the same group. Means that do not share a letter are significantly different. Box
plot is shown in Figure 26.

Boxplot of CHD versus Upper/ Lower of the furnace
1.20
1. 154
=
T 1. 10
1. 05
1. 00+ : : :
Center Lower Upper
U/L

Figure 26 Box plot of CHD versus Upper/Lower positions of the furnace (VCE 2010) [12]
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The Center of each track has the highest mean value of all positions but the box
doesn’t have the upper and lower whiskers due to low amount of data (just 3 values).
The Upper positions have the smallest box size which means the lowest deviation. In
box plot above, the Lower positions reveal a long lower whisker and the Upper
positions present positive skewness.

To investigate the influence of factor “Fully/Empty” loading condition in the furnace
on the response CHD, one way-ANVOA is conducted. “F” means the first test which
involves “Fully loaded track 1 and track 3”. “E” is empty loaded track that is derived
from only track 2 which is just loaded with dummy samples (see in Section 3.1.2
Furnace at 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 (—————-

C1E5 1.150 1.175 1.200
Pooled Stlew = 0, 0375

Figure 27 One-way ANOVA: CHD versus Fully/Empty loaded track (VCE 2010) [12]

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.

Figure 28 The group information (VCE 2010) [12]

The p-value from one-way ANOVA (CHD vs. Fully/Empty loading conditions) is
0.016<0.05 in Figure 27, which means that the difference is significant between fully
loaded and empty loaded track. Empty loaded track presents a high mean CHD value
and spread, while fully loaded track obtained low mean CHD value but high standard
deviation. Grouping information in Figure 28 explains that two cases belong to two
different groups, which means that they do not share a letter are significantly
different.
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Boxplot of CHD versus Fully/Empty loaded furnace
1. 20 |
@g\\\ ‘
1. 15 | \
—
=)
Z1.10-
1. 05
1. 00 : .
Empty Fully
F/E

Figure29 Box plot of CHD versus Fully/Empty loaded track (VCE 2010) [12]

In Figure 29, fully loaded track shows a negative skewness with a long lower whisker.
In order to investigate multiple factors’ influence on the response, multi-vari Charts
are plotted in Figure 30 - 32. Multi-vari chart takes into account two factors such as
“Track — Position”, “Track - Upper/Lower”, “Track — Fully/Empty”,
“Position—Upper/Lower”, “Position — Fully/Empty” and “Upper/Lower — Fully/Empty”.
(Note: if more than 40% of the cells in Minitab sheet are missing, no chart is
generated).

Multi-Vari Chart for CHD by Position - Track
i Position
1. 20 o )
@ 2
@ 3
© 4
1. 151 <) 5
- u] 6
— & =X 7
] 8
= & 9
T 1.101
1. 051
1. 00+ | | |
1 2 3
Track

Figure 30 Multi-Vari Chart for CHD by Position — Track (VCE 2010) [12]

34



Multi-Vari Chart for CHD by Track — Upper/Lower
1. 20 Track
. o )
e 2
& ® 3
~N
1. 15 N R
\\ //
~N ///
w/
[}
S 1.10-
1. 051
1.00 T T T
Center Lower Upper
U/L

Figure 31 Multi-Vari Chart for CHD by Track — Upper/Lower part of furnace (VCE 2010) [12]

Multi-Vari Chart for CHD by Position — F/E
1.204 Position
’ o] 1
@ 2
@ 3
© 4
1.151 o 5
m] 6
® 7
o 8
a o 9
S 1. 101
1.05
1.00 T T
Empty Fully
F/E

Figure 32 Multi-Vari Chart for CHD by Position — Fully/Empty loaded track (VCE 2010) [12]

In Figure 30, track 2 shows an increasing trend of CHD. For track 1 and 3, CHD
fluctuates around 1.12 mm. Although track 1 and 3 are operated under the same
conditions, still track 3 has higher CHD mean than track 1 in both the upper and
lower positions of the furnace, see in Figure 31. Figure 32 shows the difference
between fully/empty loaded track among positions. Note that for the case of empty
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loaded track, the mean from track 2 includes 9 observations, for fully loaded track
there are totally 18 observations included in the mean value.

When concluding the CHD results in VCE, the factors of Track, Upper/Lower and
Fully/Empty loaded track have significant influences on case depths, and position 7 in
all three tracks should be paid special attention in further capability studies. Note
that CHD values are collected from one hardness profile in this project. It's
recommended to make three profiles to form CHD mean values. Also note that a
warning happened at the first test which results in higher carbon potential on track 1
and 3. Higher carbon potential in the furnace means high carbon content which not
only influences the results of surface carbon content on dummy sample, but also
case depth is affected. That is why capability indices are relatively low and Ppk
indices are negative. For process capability studies, these results should also be
compared with other parameters such as surface hardness and surface carbon
content.
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3.3. Surface Hardness

3.3.1. Getrag All Wheels Drive AB

Surface hardness was measured by HRA (Hardness Rockwell A, load 60kg) at Getrag
in 2009. Three indentations were made on each sample surface. Mean values were
recorded automatically by the equipment, see in Table 7. Mean cubes are presented
in Figure 33. The lower (LSL) and upper (USL) tolerance is 81.5 and 82.5 HRA with the
target value of 82.0 HRA. A two-sample t-test shows that there is no a significant
difference (p-value= 0.136>a=0.05) between the two tracks, and thus combine two
tracks and analyze them together as one group. The results from track 1, track 2 and
track 1&2 are normally distributed, and thus capability indices can be determined,
see in Table 8 and 9 below.

Table 8 Mean surface hardness (HRA) from track 1 and track 2 (Getrag 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 8;-.3
82.2 82.0 82.2 82.0
Track 1 Track 2

Figure 33 Mean Surface hardness (HRA) for each position (Getrag 2009) [13]

Table 9 Normality test of the surface hardness for track 1, 2 and 1&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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Table 10 Capability analyses of the mean surface hardness for track 1, 2 and 1&2 (Getrag 2009)

[13]
Track  Number of Samples Distribution  Pp Ppk Cpm  StDev  Target USL LSL
1 9 Normal 0.64 042 0.52 0269 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 Table 10 Pp, Com and Ppk are in the range from 0.34 to 0.92 which are considered
low if compared with benchmark value of 1.33. Track 1 shows a slightly lower
hardness but with wider distribution. Track 2 shows a slightly higher hardness but
with a lower spread. Track 1 also shows a higher Cpm value which means that the
data mean is slightly closer to the target than track 2. The capability indices show the
improvement for the process is needed, however, the size of the data set should be
also considered. The centering of process would not generate a higher Pp value, but
Ppk and Cpm values would improve to some extent. For a higher Pp value, either
reducing spread or increasing tolerance range is required. [13]
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3.3.2. Volvo Construction Equipment AB

Surface hardness was measured from three indentations by HRC 150kg load
(Hardness Rockwell C) at Getrag in 2010. Three measurement values are collected
and mean values are calculated by equipment automatically, see in Table 11 below.
The mean surface hardness on the fixture at each position can be obtained from
Figure 34 below.

Table 11 Surface hardness (HRC) of each sample (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 - 62.00
1 5 62.63 3 5 62.50
1 6 62.23 3 & 6230
1 7 62.43 3 7 £2.23
1 8 61.93 3 3 62.10
1 9 62.50 3 g £2.40

Track Position Surface Hardness (HRC) Mean
2 1 62 16 6217

62.40

62.30

61.93

62.30

62.20

62.20

61.86

62.20

[ B L R LS T O L I LN L T L
M o= W M

oo~ m

62.3 62.4 62.2 62.4 62.2 62.4

62,6 62.2 623 62.2 62,5 62.3

62.5 62.2 62.4
62.3 62,3 62.3 61.9 62.2 62,0

624 619 62.2 619" 622 62.1/
Track 1 Track 2 Track 3

Figure 34 Mean surface hardness (HRC) cubes (VCE 2010)
The mean surface hardness cubes at each position is shown in Figure 34 and mean

value of each cubic face is calculated from four corners which is shown in Figure 35
below.
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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

Figure 35 Mean surface hardness of each face (VCE 2010)

The top regions in all three tracks show slightly higher mean surface hardness than
that of the bottom regions’, and the left side of each track have slightly higher mean
values than that of right side as well. The central regions in track 1 and track 3 have
the highest mean values than other regions within the same track.

For further study, statistical software Minitab is used. The target value is 61.5 HRC
with the upper (USL) and lower (LSL) tolerance at 58 HRC and 63 HRC, respectively.
2-sample t-tests are made between track 1 & 2, track 1 & 3, and track 2 & 3 in order
to check out whether there is or not a large p-value. After 2-sample t-tests, p-values
are obtained for 0.169, 0.705 and 0.508 for track 1, 2 and 3 all of which are larger
than a 95% two-sided confidence interval (level of significance, a=0.05) and which
mean the difference is not significant, thus combine two tracks into one group and
analyze as one. When comparing more than two samples, one-way ANOVA is applied.
The result of one-way ANOVA shows differences among the means are not significant
with p-value 0.280 higher than the value of 0.05, therefore, analyzing all three tracks
together is possible. However, normality couldn’t be reliably when checked with
small samples, cautions should be paid when interpreting the results. Normality test
and statistical summary of track 1, track 2, track 3, track 1&2, track 1&3, track 2&3
and track 1&2&3, see in Table 12 below.

Table 12 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 Table 12 are normally distributed, therefore capability analyses of
the mean surface hardness can be performed. The results of analyses are presented
in Table 13 below.

Table 13 Capability analyses of the mean surface hardness for all cases (VCE 2010)

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 Table 13, all indices show high Pp but relatively low Ppk values, which refers to the
process is very capable of meeting specification limits. Track 1 has the highest mean
surface hardness value and the widest spread but lowest Pp value at 4.21. Track 1 is
very capable of but relative low Ppk value at 1.15 which means off-centering. Track 2
shows the best Ppk and Cpm values, which means the best within specifications and
close to the target. (Also see in Discussion).

Taguchi index Cpm measures whether or not current process meets specifications
and is on target, taking into account of the data’s deviation from the target value
rather than the spread from the process mean. 1311n Table 13 above, all Cpm values
are low at the range of 0.56 to 0.68, which means all positions are far shift to the USL
side. The combination results reveal that track 2&3 has the highest Pp value with the
lowest mean surface hardness and the narrowest spread (0.170). Track 1 and Track 3
are pushed into the main furnace at the same temperature and with the same
carbon potential, capability indices should be relatively similar, however, the results
are different. From the capability indices, conclusion could be drawn that track 3 is
more capable than track 1, but the influence from sample material and
measurement should also be considered. Also note that a warning occurred at track
1 and 3 due to low pressure in the furnace. It results in low carbon potential in the
carburizing zone 2 but high carbon potential at the end of the diffusion zone 3.
However, the influence of the lack of gas is not investigated in this case.

41




Process Capability of Track 1 FProcess Capability of Track 1A&3
LSL Target U_'S'I__ IS1 Target sl
| | M | | | M |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | f | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| ! | 1 |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
55,1 55,8 535 B0.2 B0.9 BLE 623 B3O S8.1  58.8  59.5 BO0.Z 0.9 B1.6  B2.3  B3.0
(a) (e)

Process Capability of Track 2 Process Capability of Track 2a3
LS Target oSl IsL Target D5
| [ - I (1 | - |
! ' ' | | |
! ' ' | | |
I I I | | I
I | | [ [ I
| | | I I I
| | | I I f |
I I I I | | I
| | | | | |
| | | | | |
| | | | | |
| | | | | |
I I I [ [ T I
1 1 | I ! |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
S6.1 585.8 59.5 6B0.2 60.9 B1.B 623 B30 S5.1 S8.8 S59.5 802 B0.9 Bl.6 623  63.0
(b) (f)

Process Capability of Track 3 Process Capability of Track 1&2&3
L2l Target TsL
5L Target TsL

i

T u T u T u T u T u T u T T T v T T T T T T T T T T
55,1 55.68 59.5 B0.2 B0.9 &B1.8 BZ.3 B3.0 S5.1 58585 59.5 602 BO.9 6B1.6B 623 630

(c) ()

Process Capability of Track 1&2
Ts1 Target TSL

55.1 55.8 598.5 602 60.9 BL.BE B2 3 B30

(d)
Figure 36 Capability Histograms of mean surface hardness from a) Track 1; b) Track 2; c) Track 3; d)
Track 1&2; e) Track 1&3; f) Track 2&3; g) Track 1,2,3 (VCE 2010) [12]

The histograms for mean surface hardness of Track 1 and 3 are shown in Figure 36.
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Track 1 and 3 have almost the same spread, while Track 2 has the smallest spread
which means that the hardness values are more centered to the process mean. All
distributions are rightward shift which mean the process means are approach to the
USL rather than the target.

Normal Prob Plot Track 1 Normal Prob Plot Track 2
AD: 0.355, P: 0.373 AD: 0.531, P: 0.124
A °
(4 (3
61.5 62.0 62.5 63.0 615 62.0 62.5
Normal Prob Plot Track 3 Normal Prob Plot Track 1&2
AD: 0.157, P: 0.925 AD: 0.512, P: 0.169
61.5 62.0 62.5 63.0 615 623 655 630
Normal Prob Plot Track 2&3
Normal Prob Plot Track 1&3 . .
AD: 0.319, P: 0.508
AD: 0.250, P: 0.705
°
62.0 62.5 63.0 61.6 62.0 62.4 62.8

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

Figure 37 Normal Probability Plots from Track 1 to Track 1, 2, 3 (VCE 2010) [12]

Normal probability plots are shown in Figure 37 for all cases. Note that all probability
plots are approximately along the straight central fitted lines and with similar slopes,
which in return explains that the standard deviations for all cases are about the
same.
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One-way ANOVA and multi-vari charts are made to identify the relationships
between response and factors. The responses are mean surface hardness. Factors are
Tracks, Positions, Upper/Lower positions and Full/Empty loaded condition. The
interactions between response and factors are shown in Figure 38 to 46 below.
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Figure 38 Box plot of surface hardness HRC vs. track [12]

In the box plot above, both track 1 and 2 show long lower whiskers, which mean
negative skewness. The height of boxes is the same which refer to the same spread.
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Figure 39 Box plot of surface hardness vs. Upper/Lower part of furnace (VCE 2010) [12]
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The box plots in Figure 39 show surface hardness versus Upper/Lower positions of
furnace. Both the lower and upper positions show long upper whiskers, which mean
positive skewness. Note that the upper position has a small box height, in other word,
a small spread. The median line in upper part box shows least skewness.
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Figure 40 Box plot of surface hardness vs. Fully/Empty loaded track (VCE 2010) [12]

The box plots in Figure 40 above illustrate the influence of Fully/Empty loaded track
on surface hardness. Note that at the first test the furnace was fully loaded with
components on track 1, 2 and 3. The test samples were loaded on track 1 and 3. At
the second test track 1 and 3 were loaded in the same way as in the first test. The
test samples were loaded on track 2 with empty trays in front and behind. “Empty”
refers to the second test, while “Fully” stands for the first test. The result shows that
on empty loaded track is better than fully loaded track as the median line is better
centered and with shorter whiskers. For the case of fully loaded track, the
distribution is negative skewed, which means a tendency of lower surface hardness.
The analyses above take single factor into account to estimate whether or not it has
severe influences on surface hardness, however, in reality interactions are always
complicated related to each other. To investigate the interactions between factors,
multi-vari chart is used for analysis. The response is surface 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
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Figure 41 Multi-Vari Chart for surface hardness by Position- Track (VCE 2010) [12]

In Figure 41, “Track” and “Position” are factors and surface hardness is the response.
Mean surface hardness for track 1 and 3 are almost the same but the mean of track 2
is slightly lower. Positions 5 and 6 have highest and lowest mean values on track 1,
respectively. Track 2 position has the highest and lowest values at positions 2 and 8.
Positions 4 and 5 on track 3 show the highest and lowest values see in Figure 42
below.

Multi-Vari Chart for Surface Hardness by Track - Position
62. 74

Track
o 1

62. 61 =3 2
®

3
2
/ \\ &
/ \\\ // \
/ /
\ /
\ /

\
\

(o]
Do

. 51

o

N

o~
1

»

32

w
1
N

Surface Hardness

(o2}
o L
Do
1

i(j
v

v

~

S
[\
—
1
£
~

D

Do

(=]
1

61.94

61. 84

1 2 3 4 B 6 7 8 9
Position

Figure 42 Multi-Vari Chart for Surface Hardness by Track-Position (VCE 2010) [12]
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In Figure 43, the factors are “Track” and “Position” and the response is mean surface
hardness. All three tracks show lower positions give low surface hardness.

Multi-Vari Chart for Surface Hardness by Upper/Lower — Track
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Figure 43 Multi-Vari Chart for surface Hardness by Upper/Lower-Track (VCE 2010) [12]

In Figure 44, the factors are “Fully/Empty loading condition” and “Position” and keep
the response the same. The mean surface hardness values vary from positions, and
position 4 and 8 show rather low mean values. In most cases, fully loaded track gives
higher hardness value than that of an empty furnace.

Multi-Vari Chart for Surface Hardness by Fully/Empty - Position
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Figure 44 Multi-Vari Chart for Surface Hardness by fully/empty loaded — position (VCE 2010) [12]
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The

interactions

between

factors

“Fully/Empty”

loading conditions and

“Upper/Lower” positions in furnace on the response of mean surface hardness is
shown in Figure 45 is obtained.

Multi-Vari Chart for Surface Hardness by Fully/Empty - Upper/Lower
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Figure 45 Multi-Vari Chart for Surface Hardness by Fully/Empty— Upper/Lower (VCE 2010) [12]

In Figure 45, lower positions in fully/empty loaded track shows low mean surface
hardness. The mean value for upper and center part are similar, however, the center
is calculated from three samples from three tracks.

Multi-Vari Chart for Surface Hardness by Upper/Lower - Fully/Empty
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Figure 46 Multi-Vari Chart for surface hardness by Upper/Lower — Full/Empty: VCE 2010 [12]
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To investigate the influences of factors “Upper/Lower” positions of furnace and
“Fully/Empty” loading conditions of the furnace on the response of mean surface
hardness, multi-chart is as shown in Figure 46.

In Figure 46, the lower positions on both Fully and Empty loaded track show low
surface hardness values. Fully loaded track shows higher mean value than that of
empty loaded track. Note that Figure 45 and 46 show both factors as Fully/Empty
and Upper/Lower, however, each of them provides extra information about the
process, e.g. Figure 45 shows the mean value of Upper, Lower and Center positions
of the stacking tray. Figure 46 shows the mean values for Fully and Empty loaded
track. Also note that “Fully loaded track” refers to track 1 and 3 which are tested on
the first day when a warning occurred and there are possible disturbances.

Summary of capability study for surface hardness at VCE in 2010, Fully loaded
furnace (day 1) achieves higher surface hardness. Lower positions of the three tracks
give lower surface hardness. For capability studies, track 3 shows better capability
indices than track 1. Position 4 and 8 on track 1 and 3 should be paid special
attention in future process capability studies and during production. For process
capability studies, these results should also be compared with other parameters e.g.
case depth and surface carbon content.

49



50



3.4. Core Hardness

3.4.1. Getrag All Wheels Drive AB

The core hardness was measured using 30 kg Vickers at Getrag in 2009. For each
sample, three indentations were made and then average was calculated. The
hardness was measured approximately 6.5 mm from the center of rod samples since
there were signs of segregations in the center of the test rods. Although the hardness
was measured at a distance from center, still there were large spread of results, see
in Table 14 and Figure 47. The difference within sample is negligible compared with
the differences between different samples. This is probably due to a combination of
segregations and variations in quenching. Because large spread that exists between
the samples which results in non-normal distributions, thus it is impossible to make
capability analysis from this aspect.

Table 14 Core hardness of each sample and their mean values (Getrag 2009) [13]

333
377
366
394
367
369
329
387
378

(=T« MECN I o S Y ) QN SR L Y N Y

2 1 334
2 2 370
2 3 376
2 4 357
2 5 330
2 5] 361
2 7 375
2 8 338
2 9 363

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

Figure 47 Mean core hardness on fixture (Left) Track 1; (Right) Track 2 (Getrag 2009) [13]
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3.4.2. Volvo Construction Equipment AB

Samples from VCE furnace were measured at Getrag in 2010. The results of core
hardness measurement for different samples are shown in Table 15 below.

Table 15 Core hardness of each sample and their mean value (VCE 2010) [12]

Track PositionMeasurement 1Measurement ZMeasurement 3 Mean 5iDev Range
1 1 351 355 352 359 3.7859 7
1 2 360 359 360 350 0.5774 1
1 3 399 385 404 3545 5.8488 18
1 4 397 404 410 404 B.50E4 13
1 5 359 403 400 401 2.0817 -
1 i 375 400 382 385 12,8970 25
1 7 ] 3BT 385 387 8.5045 17
1 ] 274 aTs 366 373 6.1101 12
1 9 3582 351 355 355 5.5E72 11

280 §.208% 12

Track PositionMeasurement 1Measurement ZMeasurement 3 Mean 5iDev Range
2 1 412 359 405 405 6.5064 13
2 2 385 3545 385 388 6.3509 11
2 3 400 387 382 353 E.5E74 13
2 4 407 254 378 383 21.8251 43
2 5 401 3BT 395 284 7.0238 14
2 i 39 404 B 404 6.0000 2
2 7 423 415 414 6.5574 13
2 ] 380 a7 75 4. 5826 3
2 9 359 381 358 20,4287 38

3582 8.5389 18

Track PositionMeasurement 1Measurement Z2Measurement 3 Mean 5tDev Range
3 1 are 358 387 321 14,7308 25
3 2 385 3545 371 254 7.5458 15
3 3 404 402 407 404 5166 5
3 4 385 391 404 395 15 15
3 5 405 385 401 400 2 10
3 i 400 387 388 385 2 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

Core hardness of the samples from three tracks varies from each other to a large
extent. This is probably because of different microstructures e.g. bainite and
martensite in the sample material. Besides, core hardness within the same track is
also not the same, therefore process capability would not be studied in this case, but
microstructures are studied instead for comparison.

It is generally thought that steels are homogenous, however, they are not in reality.
Chemical composition varies from the surface to the core within the same sample.
This is called segregations. For illustration of segregations in the test samples, see in
Figure 48 (a) to (b) below.
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Figure 48 (b)
Figure 48 Segregation in case of sample 17, etched in 2% nital.
(a) 200X ; (b) 1000X (VCE 2010)
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The nominal chemical composition of sample material V-2158 can be seen from
Table 16 below.
Table 16 Nominal chemical composition of V-2158 [14]

% C Si Mn [ S Cr \Y Al Mo

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

Max % | 0.180 | 0.400 | 1.400 | 0.035 | 0.060 | 1.400 | 0.010 | 0.030 | 0.010

The microstructure has a strong influence on hardness, for example, the martensite
is the hardest microstructure compared with retained austenite and bainite. The
variations in microstructure probably results from segregations and different cooling
rate (quenching speed). ® According to Geoffrey (1999), within a certain range of
cooling rates, the alloy-rich areas have transformed to either martensite or bainite,
while the areas which contain less alloys have the transformation from austenite to
martensite and bainite with increasing amounts of pearlite and ferrite with the lower
cooling rates. (8] Segregation affects the hardness especially if it leads to local
concentrations of pearlite or bainite in martensitic matrix. Figures 49(a)-(g) shows
the core regions of each position from each track.

(a) Sample 11, core region (359 HV), etched in 2% nital,500 X
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nital, 500 X

etched in 2%

core region (404 HV),

’

(b) Sample 14

etched in 2% nital 500 X

core region (356 HV),

’

(c) Sample 19
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(e) Sample 28, core region (375 HV), etched in 2%, 500 X
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500 X

nital,

%

etched in 2

7

core region (414 HV)

7

(f) Sample 36

, 500 X.

nital

%

core region (395 HV), etched in 2

’

(g) Sample 39
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Track 1 Track 2 Track 3
359 360 405 389 381 364

401 3B6 304 404 400 395

356 368 395

306 404 393 383 404 305

387 373 414 375 380 372

(h) Mean core hardness
Figure 48 (a) Sample 11; (b) Sample 14; (c) Sample 19; (d) Sample 21; (e) Sample 28; (f) Sample
36; (g) Sample 39; (h) Mean core hardness

Note that the chemical composition for raw material is not studied in this project, no
CCT diagrams are made to identify the amount of microstructure e.g. 40 %
martensite. All graphs shown above are just for comparison of different core
hardness mean values.

To investigate the influence of factors on the responses, box plots and multi-vari
charts are made. In Figure 50, the response is core hardness and the factor is Track.

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

Figure 50 One-way ANOVA: Core hardness versus Track (VCE 2010) [12]
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Boxplot of Core Hardness; VCE 2010

420

410+ ‘

o~
(]
o

1

W

0¢)

(=)
1

Core Hardness
w
e}
(e}

370 ‘

360

350 -

1 2 3
Track

Figure 51 Box plot of Core Hardness (VCE 2010) [12]

The p-value obtained in Figure 49 is 0.308 which means there is no significant
difference between different tracks. The individual 95% Cl (confidence interval) for
mean based on pooled standard deviation shows track 1 has lower core hardness.
Box plot in Figure 51 indicates that from track 1 to track 3 the variability is reducing
due to the trend of smaller box height.

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

One-way ANOVA: Core Hardness versus Position
Source jug 55 M5 F P
Position B 3184 398 2.06 0.096
Error 1B 3472 1
Total 26 B6I6
S= 13.89 FR-Sg= 47.83% FR-Sgladj} = 24 65%
Individual 95% CIs For Mean Baesed on
Pooled StDev
Level N Mean 35SiDe +
1 3 3BL.7TE ZZ.B4 ®
2 3 370.B9 15.B3 ®
3 3 39T.ET 5.69 ®
4 3 393.B9 10.3B ®
5 3 39B.2Z 3.87 &
6 3 394.B9 9,17 L
T 3 393.56 1B.02 ®
B 3 3T3.ZZ 1. 58 B
3 3 373.00 19.97 L
368 B4 4040 418
Pooled S5tDew = 13. B9

Figure 52 One-way ANOVA: Core Hardness versus Position (VCE 2010) [12]
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Boxplot of Core Hardness; VCE 2010
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Figure 53 Box plot of core hardness (VCE 2010) [12]

The p-value in Figure 52 is 0.096, higher than 0.05 which means there is no
significant difference among the mean values of core hardness. Note that position 1,
2, 8 and 9 present lower means than the rest of the positions. Position 3, 4, 5, 6 and
7 shows relatively similar mean values, see in the box plot above.

The influence of 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 ©B656

§=15.81 FR-Sg= 9.92% FR-Sqladi) =2.41%

Individual 95% CIe For Mean Baced on

Pooled S5tDev
N M=en EtDe
3 373.00 1 T
12 3g9.58 13,62 H——————
12 3B6.44 18,95  fmm— B —————
380 372 384 3948
Pooled 5tDewv = 15. B1

Figure 54 One-way ANOVA: Core Hardness versus Upper/Lower (VCE 2010) [12]
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Boxplot of Core Hardness; VCE 2010
420
410 A ‘
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350- T T T
Center Lower Upper
Upper/Lower

Figure 55 Box plot of core hardness (VCE 2010) [12]

The p-value in Figure 54 is 0.285 which is larger than set the level of significance
(0.05). This means that the difference between the upper and lower positions of the
furnace is not significant. The box plots from upper positions show wider spread than
lower positions see in Figure 55 above. The box plot for Center doesn’t have the
upper and lower whiskers due to small amount of data.

The influence of Fully/Empty loading conditions on core hardness using one-way
ANOVA test is illustrated in Figure 56 below.

One-way ANOVA: Core Hardness versus Fully/Empty
Source LOF 55 M5 F P
Fully/Empt¥ 1 382 382 1.52 0Q.2I9
Error 6274 251
Total 26 6656
S= 15.84 PR-Sg= 5. 74% R_SQ'-EE;-:: = 1.97%
Individual 95% CIe For Mean Based on
Pooled StDev
Lewel & Mean 35tiDe i
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

Figure 56 One-way ANOVA: core hardness versus fully/empty loaded track (VCE 2010) [12]
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Boxplot of Core Hardness; VCE 2010
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Figure 57 Box plot of core hardness (VCE 2010) [12]
In Figure 57, the p-value from one-way ANOVA test shows that there is no significant
difference, however, fully loaded track shows slightly lower core hardness than that
of empty loaded track. The box plot in Figure 56 displays that fully loaded track has a
little wider spread as the height of the box was larger than empty furnace. To study
two factors’ interactions, multi-vari charts are plotted in software. These factors are
Track, Position, Upper/Lower and Fully/Empty. The response is mean core hardness.

Multi-Vari Chart for Mean by Track - Position
420+ Track
o 1
| =Y 2
410 ® X
400
C\&f ~ :X;/.fi\
3901 /
> )/ R
=3s07 (% |1/ \
> By
3704 é
360 1
350- T T T T T T T T T
1 2 3 4 5 6 7 8 9
Position

Figure 58 Multi-vari chart for mean core hardness by Track — Position (VCE 2010) [12]

The multi-vari chart above shows that track 2 differs a lot from track 1 and 3, which
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might be due to track 2 is tested on the second day which is empty loaded track, and
track 1 and 3 might be disturbed by the warning on the first day as well.

In order to investigate interaction of Track and Upper/ Lower level of the furnace,
multi-vari chart is shown in Figure 59 below.

Multi—-Vari Chart for Mean by Track - Upper/Lower
400+ Track
o 1
[5:3 2
® 3
390 1 L —
- - = _— —
- —
s
s
-
380 -
= Phd
g s
=
3701
360
350- T T T
Center Lower Upper
Upper/Lower

Figure 59 Multi-vari chart for mean core hardness by Track — Upper/Lower (VCE 2010) [12]

Note that Center is calculated from three values from all three tracks, while the
Upper and Lower are calculated from 12 values from all tracks. The lower part has
higher core hardness value than that of upper and center. It is impossible to plot
multi-vari chart by Track — Fully/Empty and Position — Upper/ Lower due to more
than 40% cells is missing in Minitab data sheet, thus no charts are made about these
two factors. Multi-vari chart about factors as position and fully/empty is shown in
Figure 60 below.
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Multi-Vari Chart for Mean by Position - Fully/Empty
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Figure 60 Multi-vari chart for means by Position — Fully/ Empty (VCE 2010) [12]

In Figure 60 above, fully loaded track shows lower core hardness than that of empty
loaded track, which is measured from track 2, however, the difference is very small.

To study the interaction of Upper/Lower and Fully/Empty on core hardness,
multi-vari chart is shown in Figure 61.

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

400 1

395 1

390 7

385 1

Mean

380 1

3751
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o
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® Upper

T
Empty

T
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Fully/Empty

Figure 61 Multi-vari chart for Mean by Upper/Lower — Fully/Empty (VCE 2010) [12]

From Figure 61 above the conclusion could be made that the upper position of
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empty loaded track has higher core hardness, while the center shows low core value
which is 30 HV lower than upper parts. The central parts on all three tracks show low
core hardness and empty furnace give a wide spread.

Summary of capability study for core hardness at VCE in 2010, all factors show high
p-values but core hardness varies from position to position and from track to track.
One possible reason is due to the amount of martensite and bainite in the core which
has influence results, however, production disturbance on the first day and different
testing conditions could also affect results.
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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 with Leco equipment at
Getrag in 2009. Surface carbon content is measured from a layer thickness of 0.15
mm, see in Table 17 below. The target for surface carbon content is 0.8 wt % C, with
LSL at 0.7 wt% C and USL at 0.9 wt% C.

Table 17 Surface carbon content from track 1 and track 2 (Getrag 2009) [13]

Track Positon wt%C P-value Mean  StDev Track Position wt%C P-value Mean  StDev
1 1 0.83 0.207 0.842 0.027 2 1 0.83 0.459 0.852 0.024
1 2 0.81 - - - 2 2 0.86 - - -
1 3 0.89 2 3 0.86
1 4 0.86 2 4 0.89
1 5 0.81 2 5 0.82
1 6 0.83 2 6 0.84
1 7 0.86 2 7 0.83
1 8 0.86 2 8 0.88
1 9 0.83 2 9 0.86

Figure 62 Surface carbon content of each position from track 1 and 2(Getrag 2009) [13]

Figure 62 shows a difference between Upper and Lower positions of the surface
carbon content. For further study of differences, the stacking trays are divided into
two parts, that is, the Upper and Lower half. 2-sample t-tests are made to check out
whether there is a significant difference or not between two tracks. The p-value is
0.416 which is higher than the level of significance with a=0.05, which means that
there is no significant difference between two tracks, and thus it is possible to
analyze them as one group. For track 1, track 2, track 1&2, Upper and Lower cases,
surface carbon content are normally distributed, therefore capability indices could be
obtained, see in Table 18 below.
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Table 18 Normality test of Track 1, 2 and 1 & 2, Upper and Lower positions (Getrag 2009) [13]

Track P-value S5tDev Mean Distribution
1 0.207 0.027 0.842 Mormal
2 0.459 0.024 0.852 Mormal
1&2 0.065 0.025 0.847 Mormal
Upper 0.140 0.018 0832 Mormal
Lower 0.056 0.021 0.862 Mormal

The mean value in Table 18 shows that the lower part has a higher mean value than
upper part, and track 2 has a higher mean than track 1. Capability indices are
obtained from Minitab, see in Table 19 below.

Table 19 Capability indices of track 1, track 2, track 1&2, upper and lower positions (Getrag 2009)

Track Sample N Pp Ppk Cpm Target LSL  USL
1 g 124 072 0.64 08 07 09

2 9 1.40  0.67 0.55 08 0.7 0.9
1&2 18 132 070 0.61 08 07 09
Upper 10 190  1.29 0.88 08 07 09
Lower 10 159 060 0.49 08 0.7 09

Pp values in Table 19 for all cases are OK but correction is needed for track 1 to
achieve higher performance index. The upper part has the highest Pp which indicates
that the carbon potential is well controlled at upper half of furnace. For track 1 and 2,
the former has lower Pp value but higher Ppk value which means the process is
better centered. The lower positions of the furnace shows low Ppk and Cpm values,
which means the process is off-centered even worse.
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Capability Histogram of track 1 Capability Histogram of track 2
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Figure 63 Capability Histogram of a) Track 1; b) Track 2; c) Track 1&2; d) Upper part; e) Lower part.
Getrag 2009 [12]
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Figure 64 Normal Probability Plot of a) Track 1; b) track 2; c) Track 1&2; d) Upper; e) Lower.
Getrag 2009 [12]

In Figure 63, the spread is wide in relation to the tolerance limits, and all processes
are not centered with low Ppk and Cpm which means that there is potential to make
improvement by controlling the carbon atmosphere in the furnace for higher
capability indices. One suggestion is to improve the gas circulations in the furnace.
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3.5.2. Volvo Construction Equipment AB

Surface carbon content of the samples from VCE was determined with Leco
equipment at Getrag in 2010. The result for each case is shown in Table 20. The

target value is 0.80 wt% C with LSL and USL are 0.70 and 0.90 wt% C, respectively.

Table 20 Surface carbon content from track 1, 2 and 3 (VCE 2010)

Track Position Carbon Content®% P-value Mean StDev
1 1 0.84 0122 0.829 0.015
1 2 0.83 - - -
1 3 0.85
1 4 0.84
1 5 0.83
1 3 0.80
1 7 0.83
1 8 0.84
1 9 0.83

Track Position Carbon Content % P-value Mean StDev
2 1 0.78 0.231 0777 0.014
2 2 0.79 - - -
2 ] 0.79
2 4 0.79
2 5] 0.76
2 5] 077
2 7 077
2 8 0.76
2 9 0.79

Track Position Carbon Centent% P-value Mean StDev
3 1 082 0731 0.828 0.010
3 2 083 - - -
3 3 084
3 4 083
3 5 082
3 6 0.81
3 7 082
3 8 0.84
3 9 084

Track 1 Track 2 Track 3
0.84 0.83 0.78 0.79 0.82 0.83
0.83 0.80 0.76 0.77 0.82 0.8%
0.83 0.79 0.81
0.85 0.84 0.79 0.79 0.84 0.83
0.83 0.84 0.77 0.76 0.82 0.84

Figure 64 Surface carbon content cubes (VCE 2010)

In Table 20 and Figure 65, it is shown that track 1 and 3 have higher mean surface
carbon content than that of track 2. The mean value for track 1 and 3 are slightly
different (0.001 wt% C) from each other which is neglectable. 2-sample t-tests are
made in Minitab, and the p-values for track 1&2 and track 2&3 are even lower than
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expected value of 0.05 which means the significance difference exists. For the case of
track 1&3, the p-value is 0.831 which means there is no significant difference
between mean values of tracks 1 and 3, thus it is possible to analyze them together.
The normality test results are shown in Table 21 below. Because all of them have the
p-values higher than 0.05, therefore capability indices can be evaluated to analyze
the process. Pp, Ppk and Cpm are shown in Table 22.

Table 21 Normality tests of track 1, track 2, track 3 and track 1&3 (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

Table 22 Capability analyses of track 1, track 2, track 3 and track 1, 2, 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 in Table 22, track 3 shows the highest Pp value at 3.15 which
means the furnace is really good. Besides, Ppk and Cpm are higher 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 more capable of meeting
specifications than 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 range. The Figure 66 indicates that
the furnace can be divided into two parts, where Upper positions has slightly lower
carbon content, and Lower part shows higher carbon content.

Feed direction Feed direction

0.78 0.82

0.83

Front 0.84 Front 0.79 Front 0.83

0.83 0.83 0.78 0.79 0.78 0.83 0.84 0.83

0.84

Back 0.83 Back 0.77 Back 0.82

0.78 0.83

0.84

Track 1 Track 2 Track 3

Figure 66 Mean surface carbon content of each cubic face (VCE 2010)
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Lower positions of the track give a little higher surface carbon content than Upper
positions, with the difference of 0.015 wt% C for track 1, 0.003wt %C for track 2 and
0.013 wt% C for track 3. Further analyses of the spread and distributions are shown

in Figure 67 and 68 below.
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Figure 67 Histogram of track 1, track 2, track 3 and track 1&3 (VCE 2010) [12]
Normal Prob Plot of track 1 Normal Prob Plot of track 2
AD: 0,534, Pi 0,122 AD: 0,434, Pr 0,231
[
*
0.80 0.8 0.90 0.7 0.78 0.8t 0.8¢

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

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

0.80

0.82 0.54 0.36

0. 86

0.80 0.82 0.84

Figure 68 Normal Probability Plot of track 1, track 2, track 3 and track 1&3 (VCE 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 means are larger than the target, while
the mean value from Track 2 is shift leftwards 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 Figure 68. In order to investigate factors such
as Track, Position, Upper/Lower part and Fully/Empty loaded track, one-way ANOVA
and multi-vari charts are made.

The influence of factor of Track on the response of Surface Carbon Content 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 } } }
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

Figure 69 One-way ANOVA: Surface carbon content versus Track (VCE 2010) [12]

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.

Figure 70 Grouping information (VCE 2010) [12]

The differences of the mean surface carbon contents between the Tracks are
significant since the p-values are less than 95% confidence interval with alpha=0.05,
see in Figure 69. According to grouping information in Figure 70, track 1 and 3 are
within the same group, and track 2 is in the other one which means that the average
does not share a letter are significantly different.
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Boxplot of Surface Carbon Content versus Track
0.850
|
|
0. 8251 N /éb
o
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0. 750 : : :
1 2 3
Track

Figure71 Box plot of surface carbon content versus track (VCE 2010) [12]

The box plot in Figure 71 shows one outliers in track 1 with mean surface carbon
content of 0.793 wt %. Track 3 is the most stable track of the three as the upper and
lower whiskers have almost the same length and the median line is close to the mean
value point.

The influence of factor 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

5 = 0.03121  E-5q

13.43% E-Sq(adj) = 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 Stlew = 0.03121

Figure 72 One-way ANOVA: Surface carbon content versus position (VCE 2010) [12]
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Grouping Information Using Tukey Method

Fosition H Mean Grouping
3 52500
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eans that do not share a letter are significantly different.
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Figure 73 Grouping information (VCE 2010) [12]

The factors of positions are shown in Figure 72, p-value was really good at 0.934 and
grouping information showed all positions stay in one group. All evidence proved
that there is no significant difference from surface carbon content among positions.

Boxplot of Surface Carbon Content versus Position
0.850
0.8254 || &L | — ] —
e&\g/ A= /"9
] [
© L]
2 0. 800 kX
I L | \@
0.7754
0. 750 T T T T T T T T T
1 2 3 4 5 6 7 8 9
Position

Figure 74 Box plot of surface carbon content versus position (VCE 2010) [12]

Note that position 8 in Figure 72 presents the largest box height, which leads to the
spread for three values are the largest. The median value in position 8 is positive
skewed. Position 6 presents the least box shape with mean and median at the center.
The wide spread for all positions is probably due to the disturbance from the test on
the first day.

The influence of the factor of Upper/Lower position on the 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. &840 0. 860
Fooled Stllew = 0. 02850

Figure 75 One-way ANOVA: Surface Carbon Content versus Upper/Lower positions of furnace
(VCE 2010) [12]

The p-value in Figure 75 is 0.635 higher than level of significance (alpha=0.05). The
upper part of the furnace has a lower mean surface content than that of center and
lower part. Note that the mean of the center is calculated 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.

Figure 76 Grouping information (VCE 2010) [12]

Boxplot of surface carbon content versus upper/lower
0.850
0. 8254
e‘“\—q;\\

© —®
= (. 800
5
=3

0.7754

0. 750 . . .

Center Lower Upper
Upper/Lower

Figure 77 Box plot of Surface Carbon Content versus Upper/Lower (VCE 2010) [12]
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Grouping information displayed three positions are in the same group. Note that all
positions, Upper, Lower and Center, consist of the test results from Full loading
condition (Day 1) and Empty loading condition (Day 2) which results in wide spread
and skewness.

The influence of factor of Fully/Empty loaded track 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

Lewel W Mean Stlew
Empty 9 O.7TT11 0.01373 (——%—)
Fully 15 052575 001266 (=)

0. Tao 0.800 0. 8z0 0. 540

Pooled Stlev = 0.01301

Figure 78 One-way ANOVA: Surface Carbon Content versus Fully/Empty [12]

Grouping Information Using Tukey Method

Fully/Empty N Mean Grouping
Fullsy 15 0.8257T86 &
Empty 9 07771l i

Means that do mot share a letter are significantly different

Figure 79 Grouping information and Tukey’s output (VCE 2010) [12]

Boxplot of Surface Carbon Content versus Fully/Empty
0.850

0. 8257 ///kv

o
= (. 800
= . *®
0. 775 &
0. 750 : :
Empty Fully

Fully/Empty

Figure 80 Box plot of Surface Carbon Content versus Fully/Empty loaded track (VCE 2010) [12]
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The p-value for the factor of Fully/Empty loaded track is shown in Figure 78 which is
zero. That means there is a significant difference between fully and empty loaded
track. Grouping information in Figure 79 also explains that fully and empty loaded
tracks provide two different performances. For fully loaded track, there are outliers
close to lower whisker and the mean value and median shares the same position in
the box. The box plot in Figure 80 shows the spread and tendency of two cases. For
the case of empty loaded track, the median line shifts to the upper Q3 line which
indicates the data are positive skewed, however, the lower whisker is longer than
upper one which refers to the negative skewness tendency. One outlier appeared in
the fully loaded track.

For comparing factor interactions on response of surface carbon content, multi-vari
charts are used. These interactions are Track — Position, Track —Upper/Lower, Position
— Fully/Empty and Upper/Lower — Empty.

Multi-Vari Chart for wt% C by Track - Position
0. 850 Track
o 1
@ 2
® 3
0. 825 S
- K
- \ -
\ _ |
& \
s
fo. 800 - /
=3
0.7754
0.750 T T T T T T T T T
1 2 3 4 5 6 7 8 9
Position

Figure 81 Multi-Vari Chart for surface carbon content by Track - Position (VCE 2010)
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Multi-Vari Chart for wt% C by Track — Upper/Lower
0. 854

Track
o 1
0. 841 @ 2
® 3

0. 83+
0. 82+ o
o
= 0.814
+
=
0.80
0. 791

0. 78+

0. 774

T T T
Center Lower Upper

Upper/Lower

Figure 82 Multi-Vari Chart for surface carbon content by Track — upper/lower (VCE 2010)

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

Position
0. 84 1 o 1
@ 2
0. 83 ® 3
© 4
0. 82 €] 5
a 6
0. 81 1 = 7
B] 8
O
= 0. 807 o 9
+
®0.791
0. 781
0. 77
0. 761
0. 75 :
Empty Fully
Fully/Empty

Figure 83 Multi-Vari Chart for surface carbon content by Position — Fully/Empty (VCE 2010)
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Multi-Vari Chart for wt% C by Upper/Lower — Fully/Empty
0. 844
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Figure 84 Multi-Vari Chart for surface carbon content (VCE 2010)

The multi-vari charts above compares two factor interactions on the single response
surface carbon content. Figure 81 shows track 2 positions 5 and 8 have low carbon
content. For track 1 and track 3, the lowest carbon content is at position 6. Figure 80
compares two factors “Track versus Upper/Lower” by surface carbon content. Mean
surface content are ranked by center, lower and upper position. Figure 83 takes the
influence of loading capacity into account. Note that for empty loaded case, mean
value are calculated from track 2 which refers to the average of 9 samples, however,
for fully loaded condition, the mean comes from 18 samples. Both curves show
fluctuation at positions. The capacity for the furnace is 0.77 wt% C for empty loaded
condition, and it could achieve 0.83 wt% C with fully loaded track, see in Figure 84.

Summary of capability study for surface carbon content of the samples from VCE
furnace in 2010, track 2 which is tested on the second day shows the least surface
carbon content. For capability studies, all tracks show good Pp values but relative low
Cpm values. Track 3 is the most capable of meeting specifications since its high
process capability indices. The Upper positions of the furnace show lower surface
carbon content than that of the Lower positions. Fully loaded track shows higher
surface carbon content than that of empty loaded track.
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3.6. Temperature Uniformity Survey (TUS)

Temperature uniformity is defined as the temperature variations that stay within
certain temperature range. The objective for temperature uniformity survey (TUS) is
to ensure an even temperature in the furnace according to the procedure in AMS
2750D. By checking temperature distributions through the furnace, possible cold
and warm zones can be identified which directly leading to furnace improvement
actions. All requirements and procedures are written in AMS 2750D I but the
standard does not describe how to analyze the temperature data in a statistical way.
For the temperature uniformity survey results, this report only covers the
measurements from Getrag and VCE in 2010.

3.6.1. Getrag All Wheels Drive AB

To measure temperature a logger of the model T-paq 21 with 9 thermocouples (TCs)
are used at Getrag in 2010. Four of them are located freely in upper positions of the
furnace called “Air” or “Free” thermocouples (TCs). One is fixed in upper center. The
remaining four are positioned within dummy samples at the bottom which are
named “sample” or” non-free” TCs, see in the Figure 85.

Track 1 Track 2

___.-._,_

Figure 85 shows the positions of TCs in Getrag 2010

The purpose for two types of TCs, free and non-free, is to compare temperature
variations. The temperature data are logged at the frequency of 5 Hz from room
temperature till room temperature. However, according to requirements the logging
at all positions with a frequency of at least two minutes and at most six minutes
during the whole measurement. After the working temperature has been reached
and the values are stabilized logging must be performed at least 30 minutes and
under no circumstances may the TCs in a position less than or exceed the limits of
tolerance. According to AMSZ750D[2], the furnace class is Five and target value is
910°C  with the tolerances of + 14°C in the stable zone.
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Figure 86 Temperature vs. Time of Track 1, Getrag 2010
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Figure 87 Temperature vs. Time of Track 2, Getrag 2010
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Figure 89 The stable zone of track 2, Getrag 2010

Figure 86 and 87 illustrate temperature versus time of the two tracks in Getrag.
Figure 88 and 89 present the stable working temperature of both tracks. For the TCs
4 and 8 on track 1, both temperature curves show decline trends but TC 8 increases
suddenly from 14:36:35 to 14:49:05, which is the same interval as the feed rate 13
min/position. The stable zone of track 2 shows in Figure 89, where TCs 3 and 7 show
high temperature values. At time interval from 12:50:24 to 13:14:24, all temperature
curves except 6, suddenly turn upwards and then back to their original level. For
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temperature curve 6, the trend is opposite and temperature varies from 903°C to
901°C, then after 14 minutes back to 902°C.

It is impossible to use all logged temperature data within the stable zone because of
the large amount of noises, but in accordance with AMS 2750 D 2 the temperatures
should be recorded within the interval of 2 minutes to 6 minutes. Thus, different
intervals are chosen and compared from 2 minute, 2.5 minutes, 3 minutes, and 3.5
minutes till 6 minutes to check which intervals give the best distributions and
capability indices. The best interval for track 1 is 4 minutes, whereas for track 2 is
05:40.
Table 23 Statistical analysis results for track 1 (Getrag 2010)

Time Interval  P-value Pp Ppk Cpm Mean Stdev LSL Target
4 minutes - - - - - - - -
Channel 1 0.242 5.52 3.39 0.84 904.6 0.8460 896 910
Channel 2 0.911 4.82 3.75 1.40 906.9 0.9676 896 910
Channel 3 0.300 8.86 5.18 0.78 904.2 0.5268 896 910
Channel 4 0.393 3.42 2.89 1.80 912.2 1.3648 896 910
Channel 5 0.276 4.92 3.23 0.93 905.2 0.9482 896 910
Channel 6 0.072 4.48 3.87 2.13 908.1 1.0420 896 910
Channel 7 0.039 4.20 2.64 0.86 904.8 1.1100 896 910
Channel 8 0.055 1.45 1.21 1.17 912.3 3.2130 896 910
Channel 9 0.115 3.36 2.20 0.91 905.1 1.3882 896 910

UsL

924
924
924
924
924
924
924
924
924

Distribution from TC 7 on track 1 presents a low p-value which means it does not
follow a normal distribution. Distribution from TC 8 shows the widest spread at 3.213
and the highest mean value in stable zone. Compared with 1.33 which is the
benchmark value for capability index, TC 3 shows the best capability. Temperature
from TC 6 has good process performance with Pp=4.48, Ppk=3.87 and Cpm=2.13.
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Figure 90 Process capability study of track 1: Histograms for 9 TCs; Note that TC 7 does not

show normal distribution (Getrag 2010) [12]
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Histograms in Figure 88 show the mean values and spread from 9 TC on track 1. TC 8
from track 1 gives the widest spread and highest mean value of all the others. TC 7
does not follow a normal distribution.

Table 24 Statistical analysis results for track 2 (Getrag 2010)

Time Interval P-value Pp Ppk Cpm Mean Stdev LSL Target

0:05:40

Channel 1 0.209 1,44 2.71 0.82 504.5 1.0506 856 910
Channel 2 0.416 7.30 3.32 0.35 502.4 0.6351 856 910
Channel 3 <0.005 3.49 2.67 - 507.1 1.4700 256 510
Channel 4 0.016 2.01 2.20 - 503.2 1.8400 850 910
Channel 5 0.265 4,70 3.30 1.06 505.8 0.9923 296 510
Channel & 0.887 3.13 1.36 0.56 902.1 1.4528 8596 910
Channel 7 0.050 4,28 3.62 1.89 507.8 1.0504 296 510
Channel 3 0.132 1.70 0.95 0.67 503.8 2.7486 856 910
Channel 5 0.520 2.30 2.84 0.69 503.5 0.8807 856 910

usL

524
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924
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In Table 24 TCs 2, 5 and 9 show low spreads, which means the data are stable. TCs 3
and 7 show high mean values. TCs 3 and 4 from track 2 show relatively low p-values
both of which are lower than 95% confidence interval with alpha= 0.5, which results
in rejecting of the null hypothesis and accepting the alternative hypothesis. For TCs 3
and 4, Pp and Ppk are calculated from software Minitab following non-normal
distributions and no Cpm are obtained.
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Figure 91 Capability Histogram of TCs from Track 2.Note that TCs 3 and 4 do not follow normal

distributions (Getrag 2010) [12]
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Capability histograms in Figure 91 show means and spreads of the distributions. Note
that TC 7 is close to the target, TC 8 has a wide spread, and TCs 3 and 4 do not follow
normal distributions. Also note that all distributions leftward shift which means the
temperature mean values are lower than the target

One-way ANOVA is applied among factors such as Track, Position and Air/Sample and
the response is mean temperature within the stable zone. The first analysis is based
on factor as Track and the response is mean temperature in the 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

o+
W
o
-
M+
w
o=
o
o+

a0s.

=+

qo4.

Pooled Stllew = 2. 68

Figure 92 One-way ANOVA: Temperature mean versus Track (Getrag 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.

Figure 93 Grouping information and Tukey’s output (Getrag 2010) [12]

In Figure 90, the p-value is 0.059 which is higher than 95% of confidence interval
with alpha = 0.05. It refers to there is no significant difference between tracks. Note
that temperature mean of track 1 is higher than track 2 and it also has a higher
standard deviation, see in Figure 92. Grouping information in Figure 93 reveals that
track 1 and 2 do not share a letter were significantly different.
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Boxplot of Temperature Mean
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Figure 94 Box plot of temperature mean versus track (Getrag 2010) [12]

Box plot in Figure 94 shows a similar positive skewness for both tracks with longer
upper whisker and the median lines are close to the first quartile line at the bottom.
Track 1 also has a wider spread than track 2.

Next analysis is to investigate the influence of “Position” on mean temperature.
One-way 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

oo, o a04. 10 ans. 0 9120
Fooled Stllevw = 3.558

Figure 95 One-way ANOVA: temperature mean vs. Position (Getrag 2010) [12]
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Figure 96 Grouping information (Getrag 2010) [12]

The p-value in Figure 95 is 0.954 higher than the level of significance (alpha= 0.05).
TC 8 has the largest mean and standard deviation of all TCs. The grouping
information in Figure 96 reveals that all TCs are in the same group, thus the influence
of position is not significant.

The next analysis is based on the type of the thermocouples (TC), either Free TC in
the furnace atmosphere or Non-free TC in the test samples.

Source IF
hir/Sample 1
Error 16
Total 1T

Lewel H

One—way ANOVA: Nean versus Air/Sample

35 [ F F
19.90 19.90 Z.55 0.130
1z4.79  T.80
144. B3

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

Mean
hir 10 904, 82
Sample & Q06 24

Pooled Stlew = 2. 749

Indiwidual 95% CIs For Mean Bazed on
Fooled Stlew

Sthew } } } }
1.83 o * ]
3,84 i * ]
a04. 0 905, & a0T. 2 905, &

Figure 97 One-way ANOVA: Temperature mean vs. Air/Sample (Getrag 2010) [12]

Air/Sample H

Grouping Information Using Tukew Method

Means that do not share a letter are zsigmificantly different.

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

Figure 98 Grouping information and Tukey’s output (Getrag 2010) [12]
The p-value from one-way ANOVA in Figure 97 is 0.130 which means the differences
between the TCs in the air and in the sample are not significant. Note that the mean
of Free TC is lower than those in dummy samples. The grouping information shows
Free and Non-free TCs share the same group and are not significantly different, see in

Figure 96.
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Boxplot of Temperature Mean
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Figure 99 Box plot of Temperature mean (Getrag 2010) [12]

Box plot in Figure 99 shows temperature mean for Free and Non-free TCs. The
medians for Free and Non-free TCs are similar. The box height reveals the spread of
the mean value. For Non-free TCs, they have a wider spread than Free TC.

To analyze the influence of “Track side” on the response of mean temperature,
one-way ANVOA test is implemented. Note that TCs 1, 3, 5 and 7 on track 1 and 2, 4,
6 and 8 on track 2 are determined as “Outer 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 determined as “Inner position”

of the furnace.

Source

Error
Total

S = 2.080

Lewel
Center
Inzi1de
Outside

Track =s1de

o000 M e

One—way ANOVA: Nean versus Track =side

IF ) Mz F F
2 T9.20 39.80 9.07 0.003
15 B5.50 437

1T 144.89

E-9q = 54.73% R-Sq(adj) = 48 70%

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

Mean Stlew } t t }
a04.33 1 18 O * 1
a0s. 10 2.80 [————— P — y
a0z, 114 [———— h————— 1

[1m)
[
2
ol 4+
1)
[
o
=+
[1m)
[
-
ol 4+
=)
—
[
=+

Fooled Stlew = 2.09

Figure 100 One-way ANOVA: Mean temperature versus Track side (Getrag 2010) [12]
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Boxplot of Mean Temperature
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Figure 101 Box plot of Mean temperature (Getrag 2010) [12]

The p-value is obtained at 0.003 which is lower than 95% of confidence interval with
alpha= 0.05. The individual 95% confidence interval for mean is based on pooled
standard deviation in Figure 100 shows that there is a significant difference between
inner and outer part of furnace. In Figure 101, the box plot of inside TCs shows high
mean temperature and negative skewness, while the outside positions reveals low
mean temperature but positive skewness.

To compare two or more factors on the response, multi-vari charts are used. The
multi-vari chart in Figure 102 shows temperature mean as a function of position. TCs
4 and 8 on track 1 showed higher mean than that of track 2. TCs 3 and 7 on track 2
shows higher mean than the same positions on track 1.
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Multi-Vari Chart for Mean by Track - Position
Track
912 A o 1
C2 2
910 A
o 908 Pue
g / \ / \
= / N\ /
906 4 N ~ \\
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> S
Coe— —
904
902 1
T T T T T T T T T
1 2 3 4 5 6 7 8 9
Position

Figure 102 Multi-Vari Chart for Mean by Track — Position (Getrag 2010) [12]

Multi-Vari Chart for Mean by Track - Track side

910 A Track

909

908 «
907 - % \

$ 906 % N

=
905 | 7 \
904 -

903 4

902 -

T T T
Center Inside Outside

Track side

Figure 103 Multi-Vari Chart for Mean by Track — Track side (Getrag 2010) [12]

For TCs at inner positions of the furnace, they have high mean temperatures, and
outer and central TCs have relatively similar means. In all positions, inside, outside
and center, track 1 showed higher mean temperature than that of track 2, see in
Figure 101 above.
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Multi-Vari Chart for Mean by Air/Sample - Track

909 A Air/Sample

Air
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e O

908 4
907 4

3

S 906 - ~
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904 A

903 -
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Figure 102 Multi-Vari Chart for Mean by Air/Sample — Track (Getrag 2010) [12]

Figure 104 illustrates the difference between free and non-free TCs at both tracks.
The Non-free TCs on track 1 had the largest mean temperature than the other cases.

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

910 1 Air/Sample
Air

Sample

e O

909 +

908 +

907

Mea

906

905 1

904 +

903 -

T T T
Center Inside Outside

Track side

Figure 105 Multi-Vari Chart for Mean by Air/Sample — Track side (Getrag 2010) [12]

Figure 105 shows the interactions between Free/Non-free and Inside/Outside TCs.
The inner non-free TCs show the highest temperature, and outer free TCs show the
least extreme value.
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Summary of TUS at Getrag in 2010:

Track 2 is more stable than track 1 regarding temperature variation in the stable
zone.

Track 1 is about 2 degrees warmer than track 2 within the stable zone.

The Non-free TCs are about 2 degrees warmer than that of Free type, which
means the mean temperatures within the sample are warmer than the
temperature in the furnace atmosphere.

The inner bottom part of the furnace shows high mean temperature.

Positions 4 & 8 on track 1 and positions 3 &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
TCs at VCE in 2010. The measurements of temperature were logged at every five
seconds, however, in accordance with AMS 2750D 2l the interval should be within 2
to 6 minutes. Thus, different intervals have been chosen to check whether it could
obtain good distribution and capability indices or not. In the end, 3.5 minutes is
chosen for track 1 and 4.5 minutes is chosen for track 3. The temperature versus time
plots are illustrated in Figure 106 for track 1 and Figure 107 for track 3. The stable
working temperature zone is presented in Figure 108 and 109, respectively.

Temperature vs. Time from VCE Track 1
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Figure 106 Temperature versus Time from VCE Track 1 (VCE 2010)
Temperature Vs. Time from VCE Track 3
1000
900 =
800 /"
700 '
- ’
o 600
o
2
3
£ 500
1
g —+—Channel1 —a—Channel 2 —+— Channel3 —%— Channel4 —¥—Channel5
£ 400 §
a y
300 i!
200 T4
—e—Channel 6 —+—Channel 7 ——Channel8 Channel9 —+—Channel10
100
0
98RIBRIBRIBRIBRAIBRIBRAIBRIBRAIBRIBRIZRIBRIBRIBRIZRIZRIBRAIBRIBRIY
LR PR ELREE P R RS R R SRR EERL LR EEEL LR L PR
WHONGAAGAATAAOOO0O0O0O0OO0O00 A drddddddNANANNNANNNMOOMNONOINMOTSTITLILILITN N NN NN VOO
L B B I I B R B I I I B B I B I B B I B B I I B I I B I I B I I B I I B R B e B I B B I B I I B B I B
Time

Figure 107 Temperature versus Time from VCE Track 3 (VCE 2010)
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The Stable Zone of VCE Track 1
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igure 108 The Stable zone of Track 1 (VCE 2010)
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The Stable Zone of VCE Track 3
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Figure 109 The Stable zone of Track 3 (VCE 2010)
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Table 25 Statistical analysis result for track 1 (VCE 2010)

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 9211 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 @ 2.640 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

Table 26 Statistical analysis result for track 3 (VCE 2010)

Track 3 - - - - - -
Channel 1 0.178 19.78  8.12 0.54  919.1 0.1885 915 925 935
Channel 2 0.318 17.00 = 5.95 0.49 9185 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 1.80 042 9173 04080 915 925 935
Channel 5 0.077 9.410 3.730 053  919.0 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 5580 1.720 045 9179 0.5690 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 0.9190 915 925 935
Channel 10 0.174  13.00 4.35 0.48  918.3 0.2560 915 925 935

The capability indices in Table 25 and 26 are really good, which means the furnace is
highly capable of meeting the specification limits. Although some of the distributions
do not following normal distributions, still mean value and spread could be
compared with the ones that followed normal distributions. In temperature versus
time plots in Figure 106 and 107, conclusion can be drawn that track 1 shows higher
mean temperature than that of track 3. TCs 8 and 9 on track 3 show high standard
deviations and a little lower than the rest TCs.
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Figure 110 Capability Histograms from Track 1; Note that not all histograms (reddish lines)

distribute normally (VCE 2010)
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Figure 111 Capability Histograms from track 3.
Note that 3, 4 and 7 do not follow normal distribution (reddish lines). VCE 2010
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Capability histograms of TCs 5, 6, 7, 8 and 9 have p-values lower than 0.05, see in
Figure 110. However, comparisons could be made to find spread and shape of
distributions as well. Note that TCs 8 and 9 are more shifted to the LSL side than the
rests. In Figure 109, temperatures from TC 3, 4 and 7 do not 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 Stllew = 0. 056
Figure 112 One-way ANOVA: Mean temperature versus Track (VCE 2010) [12]

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.

Figure 113 Grouping information and Tukey’s output (VCE 2010) [12]
The one-way ANOVA analysis in Figure 112 show that there is a significant difference
in mean temperature between track 1 and 3, therefore factor “Track” affects mean
temperature.

Boxplot of Mean Temperature from VCE 2010
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Figure 114 Box plot of Mean Temperature from VCE 2010 [12]
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Box plots in Figure 114 shows that track 1 mean is higher than track 3. The median of
track 1 is close to the Q1 line, while track 3’s median line shifts to the Q3 line.
Generally, the larger of box size, the wider of the spread.

To analyze the influence of “Position” on the response of Mean temperature,
one-way ANOVA test is made.

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 * ]
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Figure 115 One-way ANOVA: Mean temperature versus Position (VCE 2010) [12]

Grouping Information Using Tultey Method
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Means that do not share a letter are significantly different

Figure 116 Hsu’s MCB and grouping information (VCE 2010) [12]
In Figure 115, the p-value is 0.183 which is more than 95% of confidence interval
with alpha equals to 0.05. It means there are no significant differences among mean
temperature of positions. TC 8 and 9 give relative low mean temperatures. Grouping
information in Figure 114 reveals that all positions are in the same group which
means that do not share a letter are significantly different.

To analyze the influence of factor “Free/Non-free TCs” on the response “mean
temperatures”, one-way ANOVA test is made. Non-free TCs refer to the
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thermocouples that insert in the samples in order to measure the temperature in the
dummy samples. Free TCs refer to the thermocouples that attached freely in the
furnace atmosphere to measure the temperature in the furnace.

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 1) Mean Stlew } } }
Free 12 919.13  1.13 I * ]
Hon-free g 913 20 0.93 I * 1

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

Pooled Stllew = 1.06

Figure 117 One-way ANOVA: Temperature Mean versus Free/Non-free (VCE 2010) [12]

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

Figure 118 Grouping information and Tukey’s output (VCE 2010) [12]
The result from Figure 118 and 119 shows that there is no significant difference
between the Free/Non-free type TCs. In other words, factors “Free/Non-free” does
not affect mean temperatures within the sable zone.

Boxplot of Mean Temperature from VCE 2010
921 1
9204
Q,
=
()
i)
_ 919 —
® \\\\\\\\\\\\\\\\\\\\
(5]
=
~—
9184
9174 |
T T
Free Non—free
Free/Non-free

Figure 119 Box plot of temperature mean versus free/non-free (VCE 2010) [12]
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The box plots in Figure 119 compares mean temperatures of Free and Non-free TCs.
For Non-free TCs the mean value and the median are similar.

To make analysis of two factors, multi-vari charts were made in Minitab. In Figure
120, a multi-vari chart is shown with Mean temperature as response and Position

and Track as factors.

Multi-Vari Chart for Mean temp by Track - Position
Track
921 A o 1
:3 3
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/
\ /
= \ / \
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=] \ / /
‘ AW " /
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918 N\ //
\
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~
917 A
T T T T T T T T T T
1 2 3 4 ) 6 7 8 9 10
Position

Figure 120 Multi-vari Chart for temperature mean by Track — Position (VCE 2010) [12]

In Figure 118, all positions on track 1 show higher mean temperature than that of

track 3. Position 8 and 9 in both tracks shows low mean values.

Track
1
3

Multi-Vari Chart for Mean temp by Track — Free/Non—-free
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Figure 121 Multi-vari Chart for temperature mean by Track — Free/Non-free (VCE 2010)

In Figure 121, Free TCs have higher mean temperatures than that of Non-free TCs.
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Summary of TUS at VCE in 2010:

® Track 1is one degree warmer than track 3 within the stable working zone.

® Position 5 on both tracks is the warmest location and position 8 on both tracks
was the coldest position.

® Free type of TCs (TCs) show higher mean temperature than Non-free TCs (TCs),
which means the temperature of the furnace is higher than the temperature in

the samples.

® Temperature from TC 4 on track 1 shows the highest capability indices within the
stable zone.

® Temperature from TC 2 on track 3 shows the highest capability indices within the
stable zone.
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4. Discussion

4.1. Getrag All Wheels Drive AB

The TUS (temperature uniformity survey) was performed in 2010, therefore in this
section only TUS results are discussed.

The stable zones for track 1 and 2 in section 3.6.1 show different means and trends.
TCs 4 and 8 on track 1, which are non-free in samples show high mean temperatures
in the stable zone. From 14:36:25 to 14:48:40, approximately 13 minutes, the mean
temperature of TC 4 suddenly increases with 5 degrees. TC 6 on the same track also
shows a similar variation at the same time interval, which is also a non-free TC. On
track 2, TC 3 also shows a sudden increase from 12:48:54 to 13:00:54. Both tracks
show similar phenomena is probably due to the fixture of the TCs in samples,
however, the conclusion could not be drawn with certainty because all TCs
mentioned above are located at inner bottom positions of the furnace. Other
possible reason for the “Warm Zone” at inner bottom part of the furnace probably is
due to the location of the electrical heating elements. The electrical heating
elements are located at the central bottom positions of each track which could have
influences on uniformity of the temperature within the stable zone.

4.2. Volvo Construction Equipment

In this section, both capability parameters and TUS results in 2010 will be discussed.
For case hardening depth, track 2 shows deeper case depth than that of track 1 and 3.
The reason for the difference is probably due to the loading condition. At the first
test the furnace was fully loaded with components on track 1 and 3 while track 2 was
loaded with empty trays. The test samples were loaded on track 1 and 3. At the
second test the furnace was loaded in the same way as in the first test. The test
samples were loaded on track 2 with empty trays in front and behind. Position 7 on
track 1 shows the lowest CHD value, which could result from the error of one time
measurement. For process capability index, track 2 shows good Pp but bad Ppk and
Cpm values.

For surface hardness, the results for all three tracks show high capability indices.
Track 3 shows higher Pp and Ppk values than that of track 1 which was tested under
the same loading condition, with the same temperature and carbon potential.

For core hardness, due to segregations in the center of the samples the
measurement is chosen at a position of 6 mm from the surface. In order to increase
the accuracy of the measurement, three indentations are made. The results varied
from position to position and from track to track. Note 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 large. Core hardness is affected by combination of
guenching variations and measurement error.

For surface carbon content, track 3 shows the largest Pp and Ppk values of three
tracks but relative low Cpm value, which means the process of track 3 is capable of
meeting specifications but not centered within the tolerances. Note that track 2 has
the mean value close to the set value, but track 1 and track 3 have high carbon
content due to production disturbance.

For TUS (temperature uniformity survey), high capability indices from both tracks
show good capability of producing components within tolerances. For process
capability studies, not all distributions follow normal distributions, but the
temperature is stable and within the tolerance ranges, thus normality is not a critical
issue for temperature at each position but it is the primary requirement for capability
studies. For those TCs that do not follow normal distribution, mean temperature and
the shape of distributions are studied.

The production disturbance in the furnace when conducting capability studies of
Track 1 and Track 3.

Surface hardness increases with increasing of the temperature in the stable zone at
VCE in 2010, however, surface hardness decreases slightly with increasing of the
temperature in the stable zone at Getrag in 2009. (See in Appendix E)

Core hardness decreases slightly with increasing of the temperature in the stable
zone at VCE in 2010, however, core hardness increases with increasing of the
temperature of the stable zone at Getrag in 2009. (See in Appendix F)

Case depth increases with increasing of the temperature in the stable zone both in
VCE 2010 and Getrag in 2009, however, the tendencies are not significant. (See in
Appendix G)

Surface carbon content do not show enough evidence to prove the correlations
between the mean temperatures of the stable zone in VCE 2010, while at Getrag
surface carbon content decreases with increasing of the mean temperatures of the
stable zone. (See in Appendix H)

Surface hardness decreases with increasing of surface carbon content both in VCE
2010 and Getrag 2009. (See in Appendix I)

There is no correlation between core hardness and surface carbon content, see in
Appendix J.
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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 carbon content in Getrag 2009.
However, the trends are not significant. (See in Appendix K)
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5. Conclusions and Guidelines

5.1. Getrag All Wheels Drive AB

The furnace in Getrag is OK which means temperatures in all positions are within
tolerance limits, however, all positions show several degrees colder than the set
point values. Track 1 is warmer than track 2 within the stable working zone. The
mean temperatures measured with TCs in the samples are warmer than free TCs in
the furnace atmosphere. The inner positions of both tracks are warmer than outer
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 is good regarding temperatures in all positions, however, all
positions shows several degrees of temperature lower than the set target values.
Track 1 is warmer than track 3. The TCs free in furnace atmosphere are warmer than
those within the samples. Position 5 is the warmest location on track 1 and 3, while
position 8 is the coldest on both tracks.

Track 2 which is tested under a low loading condition achieves a deeper case depth,
but lower surface hardness and lower surface carbon content than that of track 1 or
track 3.

For a fully loaded track, track 3 achieves slightly deeper depth, lower surface
hardness and slightly lower surface carbon content than track 1. Besides, track 3 also
shows higher process capability indices (Pp, Ppk and Cpm) than track 1 with regard to
case depth, surface hardness and surface carbon content.

5.3. Guideline for Process Capability Studies

One aim of this project is to try to find out suitable methods for evaluation of process
capability studies in heat treatment. Figure 122 illustrates a possible road map for
how to realize it step by step. The first step is to make MSA (Measurement System
Survey) or SAT (System Accuracy Test) to assure that the measurement system has
enough accuracy to obtain measurement data. The next step is measurement of data.
After measurement calculation is made to obtain mean values and standard
deviations. For advanced statistical analysis using software such as Minitab is then
performed. The next step is to analyze cause of variation for the identified variations
and deviations. The final step is to create an action plan for e.g. furnace
maintenance.
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Figure 122 Process Capability Studies in Heat Treatment Road Map
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Figure 123 Process Capability Analyses [12]

Figure 123 shows the method for analyzing non-normal distribution data. Typically,
there are two available methods to perform a valid capability analysis if the current
distribution is non-normal.

® Transform the non-normal data by Johansson or Box-Cox transformation so that
it fit to a normal distribution.

® Try to find an alternative distribution that fit to the current distribution e.g. the
exponential distribution.
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6. Future work

Recommendations are that both companies continue to perform the complete
capability studies and make comparisons of results from consecutive years. The
capability parameters should be measured by same methods and using same
equipment in order to eliminate error.

If possible, the interactions among surface hardness, core hardness, surface carbon
content, case depth and temperature within stable zone should be studied. For
example, the interactions between mean temperature in stable zone and surface
hardness, surface carbon content, core hardness or case depth from dummy samples,
or the relationships between case depth and surface carbon content.

It is also recommended that the future work should cover sample material analysis
e.g. using chemical composition of the sample for CCT diagram (continuous cooling
transformation diagram) calculations to study the cause of variations in core
hardness and microstructures. The problems with segregations in the samples
material should be investigated by using e.g. different heat treatments such as
homogenization annealing and/or quenching and tempering for “clean” steel with a
minimum of inclusions like manganese sulfides.

Typically, in a six sigma project involves “DMAIC” which refers to Define, Measure,
Analyze, Improve and Control. The current project only involves in the four first steps
without the next. Thus, in future work it is important to collect other factors that
affect quality parameters during production. The 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.
Between-subgroup variation ignores the shift and drift within subgroup but considers

between subgroups.

117




Appendix B: VCE Heat Treating System
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Symbol “P” in the main heating furnace refers to the position of the stacking tray
with test specimens.
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The Main Furnace of VCE

Appendix C
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Symbol “P” in Yellow Square refers to the position of the stacking tray with test
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specimens. Track 1 and 3 were fully loaded with test samples and components, only

Square 10 in Green of Track 2 is empty loaded.
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Symbol “P” in Blue Square refers to the position of the stacking tray with test
specimens. Green Square refers to empty loaded position and the other colors refer
to fully loaded condition. Track 2 was only loaded with test samples, while track 1
and 3 were fully loaded with other components.
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Appendix D: Temperature Uniformity Survey (Getrag 2009)

Mean value, standard deviation and the variance for each TC from Track 1 [13]

Tid [h] | Kanal #1 Kanal #2 Kanal #3 Kanal #4 Kanal #5 Kanal #6 Kanal #7 Kanal #8 Kanal #9 Kanal #10 | Medelvirde St.Dev Varians
3,60 905.1 906.0 904,2 9109 905, 1 907.4 903.4 911.9 9119 906.7 907.3 32 10,2
3,67 904,5 905,3 904,3 910,6 904,6 906,7 903,6 911.6 912,9 906,0 907,0 3.4 11.5
3.73 904,7 905,7 904,3 910,6 9085, 1 907,0 904,0 911,3 912,7 906,3 907,2 3,2 10,1
3.80 8046 805,5 8041 910,3 805.2 807.0 904,17 910.9 9123 906,2 807.0 30 82
3.87 904,7 905,7 904,0 910, 1 905.3 907,2 904, 1 910,7 912,6 906,3 907, 1 3,0 9.2
3.93 904,9 9058 9041 910,0 905.4 0074 904,3 910.8 912.0 906,5 Q07,1 2.8 8.1
4,00 904,9 905,8 904,2 909,9 905,5 07,4 904,5 910,7 912,1 906,6 907,2 2,8 7.8
4,07 904,6 905,6 904,2 909,7 905,2 907, 1 904, 4 910.6 911,6 906,4 906,9 27 7.5
4,13 904.9 905.7 904,2 909.4 905, 1 906.9 9043 910,0 912.3 906.2 906.9 2.8 7.6
4,20 905, 1 906,0 904,4 909,3 9085, 1 906,9 904, 4 909,6 912,3 906,4 907,0 2.6 6.9
4,27 905,0 905,8 904,4 909,2 905.0 906,8 904,3 909,4 9121 906,3 906,8 2,6 6.7
4,33 905,0 905,9 904,5 908,9 9085, 1 907,9 904,4 909,3 911,5 906,4 906,9 24 5.8
4,40 905, 1 906, 1 904,5 908,9 905,2 907,9 904,4 909,1 911,5 906,4 906,9 2.4 56
4,47 905, 1 905,9 904,5 908,9 9085, 1 907,6 904,5 908,0 911,2 906,3 906,8 2,3 52
4,53 8052 904,8 8050 210,68 805.2 8064 904.4 908.8 911,58 906,3 807.0 26 6.8
4,60 905,6 905,2 905.6 912,0 905,4 908,7 904,4 908.8 911,8 906,7 907,4 2.8 7.7
4.67 905,5 905,2 905.9 9126 905.3 008,6 904, 4 908.7 911.8 906,6 07,5 2.9 82
4,73 905,5 905,7 905,9 911,9 905,2 905,9 904, 4 908.6 910,8 906,5 907,0 2,5 6.4
4,80 905,9 906,2 906, 1 911,5 905.6 906,5 904,5 908,5 911,1 907,0 907,3 2,3 55
4,87 906, 1 906,2 906,65 9117 905.5 906.9 904,7 908.5 9112 907.0 907.4 23 55

Mean value, standard deviation and the variance for each TC from Track 2 [13]

Tid (h] | Kanal #1 Kanal #2 Kanal #3 Kanal #4 Kanal #5 Kanal #6 Kanal #7 Kanal #8 Kanal #9 Kanal #10 ] Medelvarde St.Dev Varians
3,60 905,7 903,9 913.6 904,59 906,4 805,0 916,7 908.0 907.6 908, 2 07,9 4,1 17.2
3,67 907.5 904,5 912.4 903.8 907.9 804,3 915,8 908.3 904,0 908,0 907,5 4,0 15,7
373 907.4 904,6 911.3 902.5 907.5 804,2 914,6 907.0 903.5 905,8 906,8 37 13.8
3,60 907.1 904,1 8910.8 902.0 907,2 8037 914,0 906.4 903.1 905,6 8906,4 37 13.5
3,87 908,9 904,0 910.6 901,68 206.9 8035 914,3 905.9 902.9 905,6 906,5 4,0 159
3,93 908,7 904,2 9109 901.4 906.7 8036 9151 905.8 903.0 905,9 906,6 42 17.4
4,00 908, 1 904,0 8910.6 g01,2 906.3 5034 914,8 905.5 902,7 905,5 8906,3 4,1 16.9
4,07 908, 1 903,8 910.3 901.0 906,4 8032 914,5 905.3 902.4 905, 4 906, 1 4,1 16.9
4,13 908.3 901,5 909.3 899.8 904.9 8021 911,9 903.3 901.7 903,0 9044 38 14,4
4,20 906.5 901,8 808,1 8593 904,2 802,1 911,2 902.5 901.5 903,0 8904, 1 37 13.8
4,27 908,3 901,8 908.9 899,1 904,86 801,89 910,8 902.0 901.4 903,2 904,0 37 13,4
4,33 908, 1 901,3 909.2 8599.0 903.4 8017 9171,6 901.6 901.2 902,8 9038 4,0 15.7
4,40 9063 01,7 909,4 8591 903.8 802,2 911,9 901.6 901.5 903,2 904, 1 4,0 15.8
4,47 908.0 901,6 909, 4 8992 203.7 802,0 911,7 901.6 901.3 903,4 904,0 39 15,4
4,53 905,3 00,7 909.8 899.8 903.1 8006 910,9 900.7 898.9 02,7 9033 42 17.4
4,60 9086,2 901,3 810.7 900.9 903.7 801,1 910,3 900.0 8591 903,3 903,7 4,1 17,1
4,67 908.8 901,6 911.3 901,68 203.7 801,1 910,1 899.8 8992 903,7 9039 4,2 17.7
4,73 908, 1 901,4 911.2 901.9 903.2 8007 910,4 899.7 898.6 903,1 9036 43 18.6
4,80 906.0 901,2 911.3 901,89 903,1 800,5 910,8 899.2 858.4 903,0 8903,5 4,5 202
4,87 908, 2 901,1 911.7 901.9 903.0 800,5 910,7 899,17 898,11 903,0 903,5 4,6 21,4

Mean temperature of the stable zone from Track 1 and 2:

9051 9057 9047 9194 9052 9073 9043 909.8  906.5
I c070 9025 9106 9011 9050 9024 9126 9032  904.2
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Appendix E: Mean temperature versus Surface Hardness

Scatterplot of Temp vs Surface Hardness; VCE 2010
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In the first diagram for VCE in 2010, surface hardness increases with increasing of
mean temperature. In the second diagram for Getrag in 2009, the interaction is not
significant.
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Appendix F: Mean temperature versus Core Hardness

Scatterplot of Temp vs Core Hardness;VCE 2010
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In the first diagram for VCE in 2010, the interaction of core hardness with mean
temperature within the stable zone is not significant. In the second diagram for
Getrag in 2009, core hardness increases with increasing of mean temperature within
the stable zone.
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Appendix G: Mean temperature versus Case Hardening Depth

Scatterplot of Temp vs CHD; VCE 2010
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Scatterplot of Temperature vs Case Depth; Getrag 2009
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In both diagrams for VCE in 2010 and Getrag in 2009, the interaction between case
hardening depth and mean temperature within the stable zone is not significant.
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Appendix H: Mean temperature versus Surface Carbon

Content

Scatterplot of Temp vs wt% C; VCE 2010
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Scatterplot of Temperature vs Carbon; Getrag 2009
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In both diagrams for VCE in 2010 and Getrag in 2009, the interaction between
surface carbon content and mean temperature within the stable zone is not
significant.
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Appendix I: Surface Carbon Content versus Surface Hardness

Surface Hardness

Scatterplot of wt% C vs Surface Hardness; VCE 2010
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Scatterplot of Carbon vs Surface Hardness;

Getrag 2009
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In both diagrams for VCE in 2010 and Getrag in 2009, surface hardness increases with

decreasing of surface carbon content.
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Appendix J: Surface Carbon Content versus Core Hardness

Scatterplot of wt% C vs Core Hardness;

VCE 2010

. 851

. 844

. 831

. 821

. 81+

.80+

.79+

T T
380 390

Core Hardness

T T T
350 360 370

T T
400 410

Scatterplot of Carbon vs Core Hardness;

Getrag 2009
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There is no sign for relations between core hardness and surface carbon content.
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Appendix K: Surface Carbon Content vs. Case Hardening Depth

Scatterplot of wt% C vs CHD; VCE 2010
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Scatterplot of Carbon vs Case Depth; Getrag 2009
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In the first diagram for VCE in 2010, CHD increases with decreasing of surface carbon
content. In the second diagram for Getrag in 2009, CHD increases with increasing of
surface carbon content.
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