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In adie casting process, metal (generally alloys of Aluminum, Zinc & Magnesium) parts are formed
by flowing molten metals (at 1200 — 1300 deg F) in the cavities of the dies made of steel. The dies
are preformed to create cavities in the shape of the part. The key parameters that control the die
casting process generally are, Biscuit size, Shot speed, Metal temperature, Die temperature, Fill
pressure, Cycle time, to name afew. Typicaly these factors are susceptible to variation from day to
day, or even cycleto cycle. The quality of the part produced is also affected by the design of the die,
but is easier to control than the process variables mentioned before.

There are many types of observed defects that result in scrapped parts. The common defects observed

are, Surface abnormalities (Cold flaw, Cold lap, Chill swirls, Non-fill, etc.), Lamination (layers of
metal on inside or outside surface), Gas Porosity, Blister, Shrinkage Porosity, Heat sinks, Crack &
tears, Drags, Gate porosity, Driving g ector pins, etc.

In a study to reduce the scrap rate of an aluminum die-cast bracket, an experiment was carried out.

For the purposes of evaluation of the test samples four major types (evaluation criteria, see Table 1)
of defects were monitored and recorded. The description of the evaluation criteria and the control &

Noise factors (Table 2 & 3) included in the study are as described below.

)
@M ethod of Evaluations)
# Criteria Descriptions Worst Reading Best Reading QC Rd. Weighting %
1 Crack and Tear (length) | 10 mm long 0 mm long S 40
2 Heat Sinks (diameter) 15 mm 0 mm S 25
3 Lamination (area) 5sg.cm 0sg.cm S 20
4 Non-Fill (areaof void) | 2sg.cm 0sg.cm S 15
[
Factor Level 1 Leve 2 Leve 3 Leve 4
A: Metal Flow Speed 1200 ips 1750 ips
B: Metal Temperature 1220 deg F 1260 deg F
C: Shot Speed Current 15% higher
D: Die Temperature (avg.) 550 deg F 600 deg F
E: Biscuit Size Smaller Larger
F: Ejection Stability Straight Wobbly
G: Dwell Time Shorter Current Spec.
H: Gate Design Typel Type2
I: Shot Pressure Standard 20% higher
J. Closing Pressure L owest Highest




Noise Factor Leve 1 Leve 2 Leve 3 Level4
X: Die Spray Present Absent

Y: Heat-Opst. Side of casting | Heat Applied Heat absent

Z: Lubrication Regular More Frequent

U: Deposit Built-up Uncleaned Cleaned

V: Uneven Die Temperature | Regular Forced

W: Foreign Matl. in Metal L east Present Added

®
An L-12 orthogonal array was used to design the experiments to study ten 2-level factors described in

Table 2. It was assumed that the large number of interactions between two factors is present, but not
significant. Even if some interactions are present, because of the fact that L-12 array design
distributes the effects to all columns, they are not expected to adversely affect conclusions about any
single factor. The experiment design layout showing the appropriate column assignment and the
modified orthogonal array are shown in Figures 1 and 2.

Three among the five identified noise factors are formally included in the study. Following the
principle of robust design, the three noise factors (X, Y, & Z) were used to create the combination of
the noise condition that the test samples were exposed to. An L-4 orthogonal array was used as the
outer array to combine the noise factors. The experiments under this scheme require that four saples
in each trial conditions are tested by exposing them to the influence of the combined noise effects as
prescribed by the outer array.

This experiment was designed and results were analyzed using the IBM/PC Compatible Widows
software named Qualitek-4 (QT4).
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Figurel. Factor & Inner Array Design
Description and their

Column Assignment Array Tape: SR
Fartors Lewel 1 Lewel 2
1 |4 Wletal Flow Spd 1200 ips 1750 ips
2 |B: Iletal Terp. 1220 deg 1260 deg F
3 |T: Shot Speed Current 1 5% Higher
4 [D: Die Termp. 550 deg F 6050 deg F
5 |E: Biscuit Size Srnaller Larger
6 [F: Ejection Sth. Straight Wobbly
T |G Doavell Tirne Shorter Cutrent Spe
& |H: Gate Design Type 1 Type
O [I: Shot Pressure Standard 20%: Higher
10 |I: Closing Press. Lowrest Highest
11 [COLTUNN THUSED L 1 A T S—
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The layout of the experiment designed using the L-12 array calls for 12 separte experimental
conditions called the trial conditions. Two among the 12 conditions are shown in Figure 3. All other
trial conditions are easily obtained from QT4 on demand (not shown). These trial condition forms
part of the recipe for carrying out the experiments.

Figure3. Two (Trial#

1& 2) among the 12 ¥ Descriptions Trial Conditions Qualitek-4

Trial Conditions tial Condition 1 (Random order for running this Trialis ™

Factors

& Mletal Flow 3pd 1200 ips
B: Metal Temp. 1220 deg
C:Bhot Bpeed Cuttett
D Diie Temp. 250 degF

E: Biscuit Bize Smaller
F: Ejection Sth. Straight
G Darell Titme Shotter
H: Gate Design Type 1

I: 3hot Pressure Statndard
I: Closing Press. Lowest
COLUMN UHUSED

e (R T S A S P I PP (R I

ﬁ Descriptions Trial Conditions Qualitek-4

Fartors

& Metal Flow Spd 1200 ips 1
E: Ietal Temp. 1220 deg 1
i Shot Bpeed Cutrent 1
D Dvie Temp. 550 degF 1
E: Biscuit Size Amaller 1
F: Ejection Sth. Wobhly 2
0 Dowrell Titme Cutrent Spe 2
H: Gate Design Type 2
I: Bhot Pressure 20% Higher 2
I: Closing Press. Highest 2
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Since it was desired to pursue robust design strategy in this study, the noise factors were included in
the experiment by using an L-4 as the outer array. The L-4 outer array, in this experiment, combined
the three 2-level noise factors to form four conditions of the noise. The noise factor description and

the array are shown in Figure 4.

Figure4. Outer Array (L-4) = . :
and the Noise Factor [ Edit Outer Array
Descriptions K Dy m

Avray Type: m

Use bl + {amowss o move cursor,
Lewel 2
i Die Bpray Lbhzent
2 |¥: Heat-Opst. Sid Lpplied Mot Lppli
3 |&: Lubrication Regular Ilore Freg

The outer array prescribes four distinct noise conditions under which one or more samples are to be
tested in each trial condition. With one sample tested in each combination of the noise and trial
condition (often refered as a cell), this scheme called for atotal of 48 test samples (four in each tria
condition. The noise conditions to which the trial samples were exposed while conducting the tests
are shown in Figure 5. To save time, the prescribed randomly selected order, asindicated in the
figure, was ignored for the noise condition, but the prescribed random order for the trial condition (

with control factors) were followed.
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Figure5. Factor

Description and their Hoize Condition 1 (Randomly selected order # )

Column Assignment Factors

2 Die Bpray Present

T Heat-Opst. Bid Applied
Z: Lubrication Regular

Factors Lewvel Description [Lewvel #
2 Die Bpray Present 1
¥ Heat-Opst. 3id Hot Apph 2
Z: Lubrication Mlote Freg 2

HNoise Condition 3 (Randomly selected order # 2
Factors

2 Die Bpray Ahsent

T Heat-Opst. 3id Applied

Z: Lubrication Mlote Freg

Factors

2 Die Bpray Ahsent
V: Heat-Opst. Sid Mot &Appli
Z: Lubtication Regular

»

The test results were evaluated by number of defective parts from a group of fixed number of samples
(64). Defects were examined under four separate evaluation criteria (Table 1). Standard for
identifying a sample as defective was determined by the project team and used to evaluate the results

Thetrial conditions along with the corresponding noise conditions form the recipe for carrying out
the test samples under 48 unique conditions. For each tria condition (Figure 3) there are four noise
conditions (Figure 5). Four samples in each trial condition were tested in sequence, by exposing each
to the noise condition prescribed. The test was carried out by following the random order of selection
of the trial condition and the results (no of defective parts) recorded. The experiment configuration
with inner array, outer aray, and the results are shown in Figure 6.
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Figure6. Experiment Configuration with Inner and Outer Array

Outer Array
2

Fewigw Contrel Factors

211 z2 1 z2
i < 1)1 1 2 2
4I I [ 4| | 2
1 2 3 4 3 ] T 1 2 3 4
1 1 1 1 1 1 1 1 - 12 11 13 10
2 1 1 1 1 1 2 2 15 12 14 12
3 1 1 2 2 2 1 1 15 11 10 19
4 |1 2 1 2 2 1 2 A T & Q
5 1 2 2 1 2 2 1 A 4 A f
(a] 1 2 2 2 1 2 2 f 2 2 Q
T |2 1 2 2 1 1 2 13 1é 12 21
a8 |2 1 2 1 2 2 2 14 12 14 10
L 1 1 2 2 2 1 12 11 12 14
1| 2 2 2 1 1 1 1 13 11 12 12
11 2 2 1 2 1 2 1 12 15 1a 11
12| 2 2 1 1 2 1 2 18 17 19 17
Intier Arra = Feasults

®

QT4 was used to perform most common analysis steps automatically without user inputs. Once
quality characteristic, which is smaller is better in this experiment, with a few click of the mouse
analysis was completed. The calculated values of the factor average effects are shown in Figure 7.
The number corresponding to each factor represents the average of results containing the factor level.
The difference columns indicates the difference in the average level effects and correspond to the
influence of the factors to the variability.
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Figure7. Factor Average Effectsand their Level-Effects Differences

ﬁ Main Effects (Average Effects of Factors and Interactions) Cualitek-4

Average Values

maller is Better
Column # / Factors Levell Level 2 L:-11 =
1 & Metal Flow 3pd 075 13916
2 B:Metal Temp. 13125 10541
3 C: 3hot Speed 12,583 11083
4 D Die Temp. 12 11 Géa
5 E: Bizeuit Size 1235 11.416
6 F: Fjection 3th. 12958 10,708
T & Dhrell Titne 11333 12333
& H: Gate Design 12791 10875
9 I Shot Presaure 10ETS 12791
10 I: Closing Press. 10.541 13125

A better representation of the factor influence is obtained by plotting the factor influence graphs
generally referred as the main effect plots. The main effects (Figure 8) show the trend of influence of
the factor influence. The lopes of the lines also show the relative influence of the factor to the
variability of results. The main effects of all the factors included in the study are shown in Figure 8.
(Biscuit Size and Ejection Pressure plots are repeated in the Figure). Based on the quality
characteristic, the desirable design condition was readily determined from this plot.
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Figure 8. Plot factor Average Influences (Main Effects)

A hetal Flow Spd B: Metal Temp. Z: Shot Speed

O Die Termp. E: Biscuit Size

E: Biscuit Size F: Ejection Sth. G Doiell Time

H: Gate Design |: Shot Pressure J: Closing Press.
14 .8 148 14.8
13.3 13.3 13.3
11.5\K 18— — = 11.8-;/,74/
10,41 10,4 10.41
8.4 ' 8.4 ' 8.4
1 2 1 2 1 2

Anaysis of variance (ANOVA) is mainly performed to identify significant factors for the design and
information for statistical controls. The ANOVA table in Figure 9 shows the significant factors and
their relative influence to the variation of results. The numbers in the right column of the table
represents the breakdown of the total influence (100%) to the results in terms of the individual share
of the factors. Although, in proportion to the slopes of the main effects of the factors shown earlier,
these are better indicators of the relative influence in discrete numbers. The factors that were found
insignificant are ignored (POOLED) and offers opportunities for cost savings, as they can be set to
any level in the fina design.
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Figure9. ANOVA Showing Significant Factors and their Relative
Influences

FHANOVA Table

Expt File: CREX-101 Q4% Diata Trrpe:

SRR LR aller is Better

DOF | Sum of Sors. Variatice F - Ratio Pure Sum Percent
Col# S Factor (£ =) [V [F) =0 Fi %)
1 A Metal Flow Jpd 1 208 333 208 333 46 099 203814 27 B1E
2 B: Metal Temp. 1 80083 80083 17.72 75564 10.313
3C: 3hot 3peed 1 26 999 26 999 5974 2248 3088
4T Die Temp. (17 (1333 POOLED |(CL=*NC*)
5 E: Biscuit Size (1 (2333 POOLED ((CL=8514%
& F: Ejection 3th. 1 0. 749 0. 749 13.442 5623 Ta74
TG Doarell Tine 1 11.999 11.999 2455 748 1.02
& H: Gate Design 1 44083 44083 9754 39 564 24
91 Zhot Pressure 1 44 083 44 083 0754 39 584 54
10]: Closing Press. 1 80083 80083 17.72 75564 10.313
OtherError 30 176.240
Total: 47 732 566 100,00

The relative influence of the factors to the variation of results is better presented in the form of apie
diagram as shown in Figure 10. The ANOVA shows that the four influential factors, in order of their
influence, are factors A, B, Jand F. In statistical process control studies the levels of these factors
must be carefully held. Factors D & E were found insignificant (less than 90% confidence level). For
statistical controls, tolerances for these two factors can be removed. As far as the objective of the
experiment is concerned, these factors can be allowed to be uncontrollable (like the noise factors)

ANOVA also shows that 28.9% of the influence is due to factors not included in the study. The
probable source of this influence could be from control factors not included (identified or not) in the
experiments, noise factors not included in the experiment, and as aways, the ever-present
experimental error. (This number by its magnitude, large or small, alone does not necessarily have
any reflection on the manner in which the experiment was carried out. Often it presents a better
insight into the nature of the project. No matter the magnitude of the influence of the error term, the
factor relative influence numbers are always meaningful.)
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Figure 10. Graphical Display of Relative Influences of the Factors

[ Relative Influence of Factors and Interactions Qualitek-4

Significant Factor and Interaction Influences

B i Metal Flow Spd
B: Iletal Temp.
T: Closing Press.
B F: Ejectior Sth.
B H: e Design
I. Shot Presamre
B ©:Shot Speed
B : Craredl Time

B Eror

The most desirable design condition (optimum) is generally determined by selecting the desirable
levels of significant factors only. Since we are after smaller result in this project, the factor leve that
displays smaller average effect (see Figure 8) are selected as the desirable levels of the factor. The
optimum condition and the expected performance at the optimum condition are shown in Figure 11.
The optimum condition shown is the recommended design combination for best performance. This
design condition is expected to lower the defective parts from 12 (average of all tests = 11.833) to
about 3 parts (2.869).

R. Roy/Nutek, Inc. www.Nutek-uscom 1-248-540-4827  Case Example— DOE/Taguchi Approach  Date: 05/19/06 (CsEx-01) Page 11



Figure1l. Optimum Condition and the Expected performance

Qualitek-4

Colamn & f Factor Lewvel Description Lewvel |Contribution
1 &: Metal Flow Spd 1200 ips 1 -2.054
2 B: Iletal Temp. 1260 deg F 2 -1.292
32 Bhot Speed 12% Higher 2 -75
6 F: Ejection Sth. Wi obbly 2 -1.126
7 G Dravell Titne Shorter 1 -5
2 H: Gate Design Tpe 2 - 959
2 1: Bhot Pressure Atandard 1 - 959
10]: Closing Press. Lowest 1 -1.292
Total Contribution From Al Factors... -3 9635
Cugrent Grand &verage OF Petformatice. . 11833
Expected Result At Optinnun Condition... 2269

ANOVA calculation also provides boundaries of expected performance. The confidence interval (C.
|.) on the expected performance at the optimum condition at 90% confidence interval is found to be
between 1.4 and 4.3. This means that if 10 sets of samples were tested at the optimum condition, 9
out 10 such sets are expected to produce the mean results between 1.4 and 4.3.

Figure12. Confidence ¥ Confidence Interval Qualitek-4

Interval on the Estimated

Performance at the Print
Optimum Condition Help Ca

Expression : CI = sgr. Foot{Fil nd) * Ve) / He)
Where: Finl, o) = 2.5 (Computed Value)

fil =1 Exror DOF, nd =39

Ve = FError Varlance = 451923

MNe = Effective Mumber of Eeplications = 533
[Factor DOF's Included in the Estimate = &)

Confidence Levwel o0,
Confidence Interval = +- 14535

Expected Results at Optinoum = 23869 L 1455
(1414, 43524
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[
In addition to the analyses of results shown above, QT4 automatically presents single plot of
performance distributions of current and new designs. From the expected performance improvement
data, and some standard assumption, the software can quickly generate some estimate of afew other
performance indices like, Cp, Cpk, Loss, etc. as shown Figure 12. Estimate of savings and variation
reduction has also been confirmed by analyzing the signal-to- noise (S/N) ratios of the results.

> Factors A: Metal Flow Speed, B: Metal Temperature, J. Closing Pressure and F: Ejection
Stability are found to be most significant.

» The new design condition determined from the experimental results is expected to reduce
defective parts by 75% (from 12 to 3).

» Factors D: Die Temperature and E: Biscuit Size have the least influence on variability of results.
These two factors should be set at levels of least cost.

» When the optimum design condition is incorporated in the production process, it is expected to
reduce 94 cents out of every dollar currently spent on rework and rejects.
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Figure12. Variation Reduction and Savings Expected from the
Improved Design

EIEE e = EE R e =
im. Performance Distributions - Current & Improwved Gualnek-4
Varation Eeduction Plot Heln | Cancel
[Based on Assutned Hommal Performance Distributions: Curment vs. Improwved) i
— — Flotting Parameters
Current Condition MNewimprowved Condition Curent Condition
SN ratio |.21 qiz
400
Average |1 18733
250 Std.Deviation |3_g|:|5
C Cpk.
300 |:||1 P |1
-
= Target Vahe I
E - 11.822
E uc ISmaller iz Better
5 200 Improved Condition
5 SN ratio I.g E05
= 1a0 :
z Average 11.832
100 Std.Deviation ||:|_5|4?
- Cplai24 | Cpk 4124
LsL  [oi1z
o
USL  [23554
u} al 10 15 20 25 .
Measured Results(y) [Expt. File: ©SEx-101 Q4 Gualitek-4, 5202001 ] Eavlng$| 941 Centz/t1 Loss
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