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ABSTRACT

The objectives of this work are to optimize the process
parameters on the mechanical properties (ultimate tensile
strength (UTS) and ductility) of dissimilar joints between
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1 Introduction

Friction Stir Welding (FSW) was invented by Wayne Thomas at TWI (The Welding Institute) in December
1991. FSW is a solid-state joining process that creates high-quality, high-strength joints with low distortion
and it is capable of fabricating either butt or lap joints, in a wide range of material thicknesses and lengths.
FSW being a solid-state process eliminates many of the defects associated with fusion welding techniques
such as shrinkage, solidification cracking and porosity. In the process, a rotating tool is plunged between
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two clamped plates. The heat is produced by the friction action between the material and the tool of the
FSW. At suitably generated heat, the base metal will be in a plastic deformation form and the rotating tool
stirs the metals from side to side to make a solid joint. Then, the plasticized metals are forged by the
shoulder of the tool. Formation of friction stir processing zone is influenced by material flow behavior
under the action of rotating tool. However, material flow behavior is mainly affected by tool geometry and
welding parameters. The welding process parameters are tool rotational speed, traverse speed, dwell time,
plunge depth, axial force, tool tilt angle and base metal location. The tool design parameters are pin profile,
shoulder diameter, the ratio between shoulder diameter and pin diameter [1]. Recently, joining dissimilar
materials by the FSW method has become a very hot issue. The dissimilar materials can be dissimilar
aluminum alloy [2-21], or aluminum alloy to copper [22-24], aluminum alloy to stainless steel and steel [25-
26], etc. At the condition of aluminum alloys, from previous studies, all the studies of the optimization of
FSW parameters on similar or dissimilar joints of aluminum alloys (by Taguchi methods or full factorial
design) investigate only two, three or four parameters [4,7-8,10-11,14-21]. They studied the effect of two,
three or four parameters from rotational speed, traverse speed, axial force, tilt angle and pin profile with
neglecting the effect of the other FSW parameters. It is relatively ineffective on studying a process
depending on many parameters due to the neglect the effect of the fixed parameters.

The aim of this work is to study the effect of process parameters on the mechanical properties of dissimilar
joints between AA5454 and AA7075 produced by friction stir welding, to optimize these parameters and
to determine which of them is significant by using Taguchi optimization method. Experimental work was
carried out to produce friction stir welding joints at different levels of process parameters (tool rotational
speed, traverse speed, pin profile (based on taper angle), the ratio between shoulder diameter (D) and pin
diameter (d) (D/d ratio), tool tilt angle, plunge depth, and base metal location.

2 Theory of Experimental Design

Taguchi L16-orthogonal is employed for experiments. The plan of experiment is made of 16 tests in which
the first column is assigned to rotational speed (rpm), the second column to traverse speed (mm/min), the
fourth column to D/d ratio, the fifth column to pin profile (based on taper angle), the eighth column to
plunge depth, twelfth column to tool tilt angle, eleventh column to location of base metal (Lower metal
(LM), AA5454- based on tool rotation direction) and the remaining are assigned to the interactions as
shown in Fig. 1 [27]. Table 1 indicates the factors studied and the assignment of the corresponding levels.
S/N ratios are calculated from the measured values. In this study, the experimentally observed UTS values
and ductility values is the higher the better. The related equations are as follows:
S/N=-10Log (1/n} 1/ y? (1)

where n is the number of observations, and y is the observed data.
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Figure 1: Linear graph for L16-OA
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Table 1: Control variables & corresponding levels

Level 1 Level 2
Rotational speed (rpm) 1000 1225
] Traverse speed (mm/min) 17 21
= Pin profile 0° 17°
'5 based on taper angle (°) Cylindrical profile Tapered profile
- D/d ratio 3 4
£ Tilt angle (°) 1.5° 20
g Location of base metal (LM) -360° +360°
o based on tool rotation direction ( ©) Retreating side Advancing side
Plunge depth (mm) 0.1 0.25
3 Experimental Procedures

3.1 Base Metals
The base metals used in this study are AA5454 and AA7075 of similar plate thickness of 3.5 mm. The

chemical composition and the mechanical properties of the base metals are given in Table 2.

Table 2: Chemical composition of the base metals used

Chemical composition (wt. %) Properties

Material Cr Cu Fe Mg Mn Si Ti Zn Al UTS | Ductility
(Mpa) %
AA7075 028 1.59 0.16 1.61 0.05 0.27 0.09 5.18 | 90.65 402 10
AA5454 020 0.04 | 0.21 2.50 0.96 0.25 - 0.12  95.22 260 4

3.2 FSW Tools

The tool parameters selected in this study on the Taguchi array L16 are pin profile and diameter ratio
between shoulder diameter (D) and pin diameter (d) (D/d ratio). Two levels of each parameter are used
which mean that the array of the tool parameters on the L16-OA contains four different tools. The pin
profile was designed based on the taper angle of the pin (0°: cylindrical pin, 0°< tapered pin). The D/d
ratio is determined by dividing the diameter of the shoulder to the diameter of the pin at mid-length. The
diameter ratios used in this array are 3 and 4. Simple drawing for the four tools is shown in Fig.2 and the

dimensions are summarized in Table 3.

3.24—+——20——F5-+ 20 3.2
1701
A T Tool Tool ﬁXF v
g (T1,T2) (T3,T4) X
10°

(Dimensions in mm)

Figure 2: Simple drawing of the FSW tools used
3.3 Friction Stir Welding Procedures

The experimental joints were carried out by using a WMW ECKERT vertical milling machine. A butt joint
form was used. The direction of the weld line is perpendicular to the rolling direction of the plates. The
butt sides of the plates were cleaned and machined using the milling machine to produce a smooth surface
and to make suitable butt joints. The base metals were clamped and supported by a steel backing plate. The
plates were fixed by using two clamps. Positions and number of clamps are selected after many experimental
runs. Fig. 3 shows the dimensions of the plates including the positions of clamps and the location of test

specimens for tensile and microstructure.
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Table 3: Specifications of the FSW tools used in the first process (Drawing symbols in figure 2)

Specifications Tool 1 (T1) Tool 2 (T2) | Tool 3 (T3) | Tool 4 (T4)
Diameter (mm) (Y)* 618 616 ¢ 18 ¢ 16
Shoulder
Concavity angle (°) 10°
Taper angle (©) 17° 17° 0 0
Cylindrical | Cylindrical
£ *
At shoulder (A) (A)
Pin @ At mid b6 b 4
Atend (B)* (B)* bo b
o5 ¢3
Length (mm) | From shoulder surface 3.2

(a)

clamp

L
welded plate1 C

) welded plate2

Clamp L 4

Figure 3: FSW configuration with: (a) position of clamps (b) specimen’s location (Dimensions in mm)

3.4

Tensile Test

Transverse tensile specimens are used to evaluate the strength of the dissimilar joints. The transverse
direction is perpendicular to the welding direction. A universal testing machine was used to perform the

tensile test. The tensile specimens were cut by using a wire cut machine according to ASTM B557 [28] and
the dimensions of the tensile specimens are shown in Fig.4.

[R10

—-—50—»

43—~
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Figure 4 : Tensile test specimen according to ASTM B557
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4 Results and Discussions
4.1  Experimental Results Analysis of L16-OA

Table 4 illustrates the results of the experiments for UTS and ductility according to L16-OA. Also, the
results of S/N ratio and mean for UTS and ductility are given in Table 4.

Table 4: Experimental results of UTS and ductility according to L16-OA

Control factors with interactions UTS (Mpa) Ductility %
(L160A)

X1 X1 | X2 X1 | X4 | X3 R2 S/N Rl R2 R3 S/N

XU X2 | | X3 X4 X5 s [ | X6 | x7 [x7 %6 [xs| RI R3 |Mean ratio Mean ratio
Ulu oo o] fuf ] ]| 20812 [203.92]197.97[203.337 | 46.1588 | 9.6 | 9.1 | 8.75 | 9.15 | 19.2097
22 f2f2f 22222 19972 [19528]185.25[193.417 | 457169 | 84 | 8 |[625| 7.55 | 173363
322 fufuf ot 2]2f2]|2] 20567 [18545]19422]195.113|45.7825| 96 | 7 | 84 | 833 | 18.1977
a o222 2 2] 2 [ fu]r] 1] 16964 |199.93]|217.13 [ 195567 | 456876 | 6.5 | 8.5 | 9.25 | 8.083 | 17.8518
s o2 2o {22t |2]2] 19887 [21868] 210 |209.183 463908 [ 9.5 [11.75[ 9.50 [10.250 | 20.0872
6 | 122t 22fr| 1 ]2]2f1]1] 20612 [20808]202.25]205.483 462537875 | 9.4 [925 | 9.133 | 19.2002
72222 fuf2f 222 1| 1] 20914 [224.18]212.69 (215337 | 46.6510 | 825 [ 11.2 [8.125[9.1917 | 18.9949
8 [t 2 222 22t v |t |2f2] 18211 [182.19]181.25]|181.850 |45.1942 | 65 [ 6 [7.125| 6.541 | 16.2498
o |2 v 22t f2frf2]12f1]2] 18048 [20531]20861198.133|45.8836|7.125] 7.75 | 8 |[7.6250| 17.6135
10 | 2 v |22 2 tf2] 1 |2f1]2]1]20523|23066]|199.84[211.910]|464732] 9.6 | 9.8 | 8.25 [9.2167| 19.2136
{2222l 2 21 |2]1] 20457 [19829]197.68]200.180 | 46.0253 | 9.4 [ 7 |[8.50 8300 | 18.1848
22 222 tf2f 1t |1|2f1]2]20351 |[190.10]186.88193.497|457159| 82 | 7.5 | 7.50 [7.7333 | 17.7445
322t v f2f2f 1 [1f2]2]1]21888 |21831]|21460(217.263]|46.7387| 112 | 9.5 | 8.25 [9.6500 | 19.4892
4 22|22 ftfur]22f1]1]2] 21224 |20653]|207.96[208.910]|46.3974| 10 | 8.75 | 8.50 | 9.083 | 19.1007
15 0 22 o2 v f2f2f 2t |1]2] 19964 [20722]20041 [202.423 | 46.1216 | 9.6 | 8.25 | 8.25 | 8.700 | 18.7251
6 | 22 t|2t2tft|2]1f2f2]1]21450]| 208 | 2120 [211.500|46.5041 | 8.25 | 8.00 | 8.00 |8.0833 | 18.1491

4.1.1  Analysis of Variance for L16-OA

Table 5 gives a conclusion of the effect of the process parameters, interactions, and its contribution on
UTS and ductility. It can evaluate the efficiency of using L16-OA to study seven parameters at two levels
by evaluating the degree of statistical errors obtained from ANOVA tables. For UTS, the errors are 0.782%
and 1.347% for S/N ratio and mean, respectively. For ductility, the errors are 11.7% and 12.9% for S/N
ratio and mean, respectively. With these errors, the use of L16-OA to study a process have seven parameters
with two levels is very efficient. It means that the process is not affected by any other parameters or
interaction vatiables out of these screen parameters in mean and S/N ratio of UTS under this process
condition. With these results obtained from ANOVA tables about the process, it can build strong

mathematical models.
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Table 5: Summary of the effect of the parameters and interactions on UTS and ductility

UTS (Mpa) Ductility
S/N ratio Mean S/N ratio Mean

I;zl:t?;lt)?ieo(:‘f Significant | Percentage of | Significant | Percentage of | Significant I;Zﬁi?lt)ig;ieoif Significant

% at level % |contribution%)| atlevel % |contribution% | atlevel % % at level %
X1 9. 658 95 9.084 90 0.527 I 0.12 I
X2 18.577 95 16.934 95 9.534 90 10.308 95
X3 12.702 95 12.470 90 22.402 99 21.425 99
X4 0.014 I 0.11 I 0.164 I 0.660 I
X5 7.714 95 6.910 90 14.140 95 15.957 95
X6 1.577 I 2.088 I 0.223 I 0.040 I
X7 3.104 I 2.307 I 2.894 I 2.736 I
X1.X2 0.636 I 0.655 I 0.263 I 0.196 I
X1.X5 17.169 95 13.594 95 16.161 95 14.255 95
X1.X7 1.499 I 1.230 I 1.591 I 1.962 I
X2.X5 3.958 90 5.324 I 5.530 I 8.142 90
X3.X6 25.499 95 27911 95 12.130 95 11.919 95
X4.X6 0.0045 I 0.023 I 1.038 I 0.287 I

Error 0.782 1.347 11.7 12.09

I: Insignificant at any confidence levels (90%, 95%, 99%)
X1- rotational speed (rpm), X2- traverse speed (mm/min), X3- D/d ratio, X4- pin profile (based on taper angle), X5- Plunge depth(mm), X6-
Tilt angle, and X7- location of base metal (based on tool rotation direction).

4.1.2 ANOVA for L16-OA Results of Mean and S/N ratio Shows Some Results:
A- For Ultimate Tensile Strength

A.1- Based on S/N Ratio

e Rotational speed, traverse speed, D/d ratio and plunge depth are significant parameters at 95%
confidence level (C.L.). Pin profile, location of base metal and tilt angle are insignificant parameters
at any confidence levels.

e X1.X5 and X3.X06 are significant interactions at 95 % confidence level. Only X2.X5 is significant
interaction at 90% confidence level. Interactions: X1.X2, X1.X7, and X4.X6 are statistically
insignificant at any confidence levels.

e The traverse speed and D/d ratio and the interactions of X1.X5 and X3.X6 have the most
contribution to the process and totally contribute about 73.947% for S/N ratio to overall
contributions. The traverse speed has the highest contribution to the process about 18.577 % as in
references [4] 35% and [20] 33% but the traverse speed in some previous processes of joining
aluminum alloys has the second highest contribution to the process as in references [8] 13.40 %o,
[10] 29.8 %, [11] 32.24% and [21] 28.3%,. The D/d ratio has the second highest contribution to
the process about 12.702 %. Some of the previous processes of joining aluminum alloys show that
the rotational speed has the highest contribution to the process instead of traverse speed and D/d
ratio as 68.13% [8], 53.55% [10], 41.25% [11] and 67 % [21]. The change in contribution percentage
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of parameters to the process depends on the levels of its parameters, the other parameters applied
in this process and the process condition [27].

It can ignore the effect of the insignificant parameters and the insignificant interactions when
performing the process or develop a mathematical model for the response, especially if the
parameters have a very low contribution to the response. It can neglect the effects of pin profile,
location of base metal, tilt angle and the interactions of X1.X2, X1.X7 and X4.X6 which totally
have a contribution of 6.8 % to the system output.

The optimum levels of the process parameters which can be used to obtain the optimum value are
rotational speed at level 2 (1225 rpm), traverse speed at level 2 (21 mm/min), D/d ratio at level 1
(3), pin profile at level 1 (based on the taper angle 0° (cylinder)), plunge depth at level 1 (0.1mm),
tilt angle at level 2 (2°) and location of base metal (lower metal, based on the tool rotation direction)
at level 2 (advancing side 3600).

A.2- Based on Mean (ANOM)

Only traverse speed is significant parameters at 95% confidence level. Rotational speed, D/d ratio
and plunge depth are significant parameters at 90% C.L. Pin profile, tilt angle and location of base
metal are insignificant parameters at any C.Ls.

Interactions: X1.X5 and X3.X0 are statistically significant at 95% C.L. Interactions: X1.X2, X1.X7,
X2.X5 and X4.X06 are statistically insignificant at any C.Ls.

The traverse speed and D/d ratio and the interactions of X1.X5 and X3.X6 have the most
contribution to the process and totally contribute about 71 % for mean to overall contributions.
The traverse speed has the highest contribution to the process about 16.943 % as in reference [20]
34% but the traverse speed in some previous processes of joining aluminum alloy has the second
highest contribution to the process as in references [8] 13.70 %, [10] 30.17 %, [11] 33.24% and [21]
28.3%. The D/d ratio has the second highest contribution to the process about 12.470 %. Some
of the previous processes of joining aluminum alloys show that the rotational speed has the highest
contribution to the process instead of traverse speed and D/d ratio as 68.13% [8], 52.60 % [10]
41.30 % [11] and 67 % [21],.

It can neglect the effect of the insignificant parameters (pin profile, tilt angle and location of base
metal) and the insignificant interactions (X1.X2, X1.X7, X2.X5 and X4.X6) which totally have a
contribution of 11.7 % on the response when develops the model.

The optimum levels which can be used to obtain the highest UTS within the process condition are
rotational speed at level 2 (1225 rpm), traverse speed at level 2 (21 mm/min), D/d ratio at level 1
(3), pin profile at level 2 (based on the taper angle (179)), plunge depth at level 1 (0.1mm), tilt angle
at level 2 (29), location of base metal (lower metal, based on the tool rotation direction) at level 2
(advancing side 3600).

B- For Ductility
B.1- Based on S/N Ratio

D/d ratio, plunge depth and traverse speed ate significant parameters at 99 %, 95%, 90%
confidence level, respectively. Rotational speed, pin profile, tilt angle and the location of base metal
are insignificant parameters at any confidence levels.

Interactions: X1.X5 and X3.X0 are statistically significant at 95 % C.L. Interactions: X1.X2, X1.X7,
X2.X5 and X4.X6 are statistically insignificant at any C.Ls.

The traverse speed, D/d ratio, plunge depth and the statistical interactions between rotational
speed and plunge depth and between D/d ratio and tilt angle have the most contribution to the
process and totally contribute about 74.63 % for S/N ratio to overall contributions. The D/d ratio
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has the highest contribution to the process about 22.402 %.

e It can neglect the effect of the insignificant and the insignificant interactions which totally have a
contribution of 13.67 % on the response when develops the model.

e The optimum levels of the process parameter which can be used to achieve the optimum value are
rotational level at level 2 (1225 rpm), traverse speed at level 2 (21 mm/min), D/d ratio at level 1
(3), pin profile at level 1 (based on the taper angle 0°), plunge depth at level 1 (0.1 mm), tilt angle
at level 1 (1.59), and the location of base metal (lower metal, based on the tool rotation direction)
at level 2 (advancing side 3600).

B.2- Based on Mean (ANOM)

e D/d ratio, plunge depth and traverse speed ate significant parameters at 99 %, 95%, 95%
confidence level, respectively. Rotational speed, pin profile, tilt angle and the location of base metal
are insignificant parameters at any confidence levels.

e Interactions: X1.X5, X2.X5 and X3.X06 are statistically significant at 95 %, 90%, 95% C.L.
Interactions: X1.X2, X1.X7 and X4.X06 are statistically insignificant at any C.Ls.

e The traverse speed, D/d ratio, plunge depth and the statistical interactions between welding speeds
and plunge depth and between D/d ratio and tilt angle have the most contribution to the process
and totally contribute about 82.006 % for S/N ratio to overall contributions. The D/d ratio has
the highest contribution to the process about 21.425 %.

e It can neglect the effect of the insignificant and the insignificant interactions which totally have a
contribution of 5.90 % on the response when develops the model.

e The optimum levels which can be used to obtain the maximum ductility within the process
condition are rotational level at level 2 (1225 rpm), traverse speed at level 2 (21 mm/min), D/d
ratio at level 1 (3), pin profile at level 1 (based on the taper angle 0°), plunge depth at level 1 (0.1
mm), tilt angle at level 1 (1.59), and the location of base metal (lower metal, based on the tool

rotation direction) at level 2 (advancing side 360°).
4.2  Response Surface Methodology (RSM)

Response Surface Methodology attempts to analyze the influence of the independent variables on a
specific response. The purpose of mathematical models relates the process responses to process variables.
The  mathematical model commonly used for the process responses is represented as:

Y =F Xy, Xz, ..., Xn ) + £ 2
Where: Y: response (output); X: process variables; £: noise or error value
The coefficient of process parameters using RSM is represented as

B] = Inverse ([Z]™[Z])*[Z]™*[F] 3

Where: [B]: array of coeftficients of process parameters, [Z]: orthogonal array with values of selected process

arameters : array with values of measured response, and [Z ]T :transpose array of [Z].
P > y p > p y

Residuals are the different between the responses determined from the experiments and the responses
predicted from the model, and the percentage of the deviation of a single sample data can be calculated
from Eq.4.
Deviation = [(Absolute[R measured — R predicted]) /(R measured)]* 100 4)

Where, R: response

The models for UTS and ductility based on S/N ratio and mean are developed by adding only the significant
parameters and the significant interactions as in equations 5, 6, 7 and 8. The variations between the
measured results and the model results are given in figures 5, 6, 7 and 8. The accuracy of the models
represents the accuracy of the prediction of the output. The accuracy of the models developed for the
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UTS and ductility based on the mean and S/N ratio is very high: (UTS: 99.56% for S/N ratio and 97.6%
for mean; ductility: 97.3% for S/N ratio and 93.5% for mean). It is mean that the significant process
parameters and significant interactions used to develop the models approximately have the most
contribution to the output of the process and any other parameters and statistical interactions which don’t

add in the models have a very small impact on the output.

UTSs/n ratio = - 46.2120 - 0.0021 * X4 + 0.1822 * X5 — 0.449 * X5—11.4541 * X

+0.0182 *X;.X 0.5400 * X5.X5 + 0.0902* X3.X ")
UTSmean= 246.11 — 0.045 * Xy + 1.899 * X5 — 10.50 * X5- 481.24 * X5 + 0.40 * X1.X5— 2.27* X3.X5
©)
Ductility mean = 3.831 + 0.446* X, - 0.889* X5+ 20.417 * X5 +0.006 * X1.X5 -1.720 * XX
+0.0297* X3.X5 (7
Ductilitys/N raio = 19.655 + 0.145% X5 — 0.898 * X35—15.70 * X5 + 0.0098 *X;.X5+ 0.0025 * X35.Xs
®)
—@—Experimental —@— Model
47
e
©
= 46
z
)
wn
|_
D
45
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Experiment number
Figure 5: Measured UTS Vs. Model UTS (S/N ratio)
—@—Experimental —@— Model
220
210
=
8
s 200
o
D 190
180

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Experiment number

Figure 6: Measured UTS Vs. Model UTS (Mean)
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21
—@—Experimental —@— Model
219
B
pd
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217
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=}
@]
15
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Figure 7: Measured S/N ratio Vs. Model-S/N ratio of ductility
11 —@—Experimental —@— Model
10
=
g 9
2
£ 8
5]
>
Q7
6

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Experiment number

Figure 8: Measured mean ductility Vs. Model mean ductility

The estimated surface plots for UTS and ductility (mean) are given in Figures 9 and 10, respectively. Each
plot depicts the effect of two of the five significant parameters found in the models and the other three
significant parameters are fixed at low levels. The mean of UTS results is a function of the parameters of
X1, X2, X3, X5 and the interactions of X1.X5 and X3.X6. The mean of ductility results is a function of
the parameters of X2, X3, X5 and the interactions of X1.X5, X2.X5, and X3.X06.
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Figure 9: Effect of FSW parameters on UTS (Mean)
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5 Conclusions

Modeling and optimization of FSW parameters of AA5454 to AA7075 joints are studied by using Taguchi
methods. Taguchi L16-OA was used to optimize the process parameters. Seven parameters at two levels
are selected. These parameters are rotational speed, traverse speed, D/d ratio, pin profile (based on the
taper angle), tool tilt angle, plunge depth, and the location of base metal (based on the tool rotation
direction). UTS and ductility were considered as the mechanical properties of the dissimilar joint. The
results can be summarized as follows:

For UTS: based on S/N ratio and mean, Rotational speed; traverse speed; D/d ratio and plunge depth are
significant parameters at different confidence levels. Pin profile; location of base metal and tilt angle are
insignificant parameters at any confidence levels. Based on the results of S/N ratio and mean of ductility:
D/d ratio, plunge depth and traverse speed are significant parameters at 99 %, 95%, and 90% confidence
level, respectively. Rotational speed, pin profile, tilt angle and the location of base metal are insignificant
parameters at any confidence levels. Four mathematical models were developed for UTS and ductility as a
function of the significant parameters and the significant interactions. For UTS, the accuracy of the models
is 97.678% and 99.56% for mean and S/N ratio, respectively. For ductility, the accuracy of the models is
93.56% and 97.320% for mean and S/N ratio, respectively. The optimal levels determined from the L16-
OA to obtain the highest UTS within process condition are 0.1 mm plunge depth, 1225 rpm rotational
speed, tapered pin profile, 21 mm/min traverse speed, 2 tilt angle, 3 D/d ratio, and AA5454 on the
advancing side. The maximum joint efficiency obtained, compared to the strength of the softer metal used
in the dissimilar joint, is 85.3 %.The optimal levels determined from the L16-OA to achieve the highest
ductility within process condition are 0.1 mm plunge depth, 1225 rpm rotational speed, cylindrical pin
profile, 21 mm/min traverse speed, 1.5 tilt angle, 3 D/d ratio, and AA5454 on the advancing side.
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