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Assessment of the Tensile Elongation (E %) And
Hardening Capacity (Hc) Of Joints Produced In
Friction Stir Welded 2017 Aa (Enaw-Alcu
4mgsi) Plates
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Abstract— The study has aimed at investigating the leverage of
three Friction Steer Welding (FSW) factors, namely, the tool
rotation speed N(rpm), the tool traverse rate F(mm.mn-1) and the
tool pin/shoulder diameters ratio r (%) on two FSW process
responses: the joint tensile elongation (E%) and hardening
capacity (Hc). For the experiment appraisal, 18 tested coupons
have been cut in 6mm thick rolled plates of 2017 A alloys.
Variation in the responses estimates has been assessed by
conducting a Face-Centered Central Composite Design (FCCD)
strategy and Anova Technique. Then, a second-order RSM model
has been considered to describe the predictive formulation of the
responses (E%) and (Hc), appropriately. Thereby, the
multi-regression models pertaining to (E%) and (Hc) were built
and analyzed for factors leverage and sensitivity. Lastly, a
simultaneous optimization procedure based on the desirability
function was employed to find out the levels setting of factors N,
F and r% which guarantees maximum (E%) and (Hc),
concurrently.

At 95% of C.I., the research findings have pointed out the
leverage of the tool geometry factor (r %) as well as the rotation
speed (N) on the FSW process responses (E%) and (Hc). However,
the process was found robust with respect to the tool traverse rate
parameter (F).

Keywords- F.S.W., R.S.M., Taguchi, ANN, Genetic Algorithms,
Ductility, Tensile elongation, Hardening capacity, 2017 AA.

I. INTRODUCTION

As it is known today, the Friction Stir Welding (FSW)
technique emerged in the 90°s and has been patented by the
TWI [1]. The process has found broad use in numerous
industrial fields (e.g., automotive, aerospace, military,
petro-chemical, etc.). When compared with conventional
fusion welding, the FSW has the ability to produce joints
which experience higher strength and formability [2,3].
Mainly, this is because of the low welding temperature
supply brought to the weld nugget (WN), the
thermo-mechanically affected zone (TMAZ) and the heat
affected zone (HAZ). The FSW has also proven superior to
produce crack and porosity free joints and better deals with
materials which possess poor fusion weld ability [4,5] (e.g.,
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the 2xxx and 7xxx series of the heat treatable aluminum). In
Nadan et al [6], a thorough review of the basic design and
microstructure characteristics which are relevant to the
plastic deformation, frictional heat, tool design as well as the
perception weld zones has been discussed.

Basically, the FSW process employs a tool pin/probe which
plunges into the interface of a set of sheets/plates to be
welded. After that, the tool tracks the joint direction to
execute the weld. Mechanically, the interface region metal is
heated and stirred, mainly, by: i) undergoing the weld joint
zones a friction energy under the shoulder loading, ii) and,
malaxation of the softened material using the pin movement.
FSW has concerned similar, dissimilar [7] as well as metal
matrix composites [8]. Though, because of the frictional and
stirring effect of the tool pin, softening of some welded
materials may occur, hence, giving rise to a manifest change
of the mechanical properties of joints. Recently, a
non-rotational shoulder assisted FSW technique [9] has been
put in practice wherein the micro-structural deformation and
the weld formation were dominated by the rotating tool pin,
solely.

Much research has addressed the microstructure and estimate
of the mechanical properties of FSWed joints. Purposely,
some studies have tackled the influence of the tool rotation
rate and/or the welding speed [10, 11]. Others have considered
the tool geometry [12, 13]. Major findings have pointed out
the leverage of the materials, experimental equipment and the
designs of the stirring tools on the mechanical properties of the
produced joints [14]. One challenge, however, is how FSW
parameters could be fixed so that high quality joints are
produced cost-effectively. Statistical techniques, among other
solutions, have brought substantial contribution in this regard.
These are organized into four classes, i) factorial design and
Anova [15, 16], ii) RSM [17, 18, 19], iii) Taguchi method [20,
21], iv) and, ANN & Genetic method [22, 23].

For the Aluminum alloys, even though, much literature has
coped with the microstructure analysis and the estimate of the
mechanical properties of FSWed joints, only, a little has
concerned the 2017 AA [24, 25]. This is despite of its good
machinability and formability. Table 1 enlists the 2017 AA
B.M. nominal mechanical characteristics which have been
considered in this study.

Table 1. Mechanical properties of the 2017 AA (B.M)

Base Metal (BM) UTS Yvs 06
2017A 6
ENAW-AICuamgsi) | (MP3) (MPa)
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Mechanical 427 276 22
properties
) Fe<0.7427 | Si.02-08 | Mn.04-1.0
c Cher.*:.'ca' o Cr<01 Cu.3555 | Mg.04-10
omposition (%) Zn<0.25 | (Zr+Ti)<0.25 | Al. remainder

The study purposes to build up predictive models of the
FSW responses (E%) and (Hc) in N, F and r%. The
experiment has been conducted in a sequential strategy. First,
a 2% full factorial plan has been run to fit linear regression
models. Then, owing to lack of fit, the design has been
augmented by six axial and four center point runs (FCCD) to
fit second order RSM models. These have proven fitting as it
will be explained further. The Anova and the partial
derivative techniques were employed to test out, i) factors
which have significant influence on the process variability
within their exploration spaces, ii) and, the sensitivity of
factors N, F and r% on the FSW responses (E%) and (Hc),
that is, the magnitude and direction of changes in the process
outputs whenever an infinitesimal variation in the input(s)
occurred. Finally, the study has addressed the simultaneous
optimization of the process responses, E% and Hc, such that
factors setting would yield maximum estimates of (E%) and
(Hc), simultaneously.

The remaining text is structured as it follows. Section Il
presents the study experimental framework and lies out
findings pertaining to the true stress-strain curves of the
tested specimens. The base metal (BM) mechanical
characteristics were used for comparison. Section Il
experiences the empirical models pertaining to the FSW
responses (E%) and (Hc). Finally, section 1V discusses
findings regarding the optimization procedure.

Il. EXPERIMENTAL FRAMEWORK

A. Set up and true stress-strain curves of specimens

The FSW experiment has employed a 7.5 kw powered
universal mill (Momac model), rating up to 1700 rpm of
rotation speed and 1080 mm.mn* of feed rate. A series of 6
mm thick rolled plates of 2017 AA were cut into 250x90 mm
rectangular dimensions and disposed in butt configuration for
FSW. The plates are held using a metal frame which is in turn
clamped on the mill table as it is visualized in Fig. 1. The
welding tools were manufactured in a high steel alloy (35 HR

Fig.1. Photography of the FSW setting frame.
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C). Fig. 2 shows the tools used in this experiment as well as
the shoulder/pin geometry.

Lastly, the FSW plates were cross-sectioned and the
specimens were prepared for the tensile test. Insofar, the
factorial runs are deemed Fi-1s, the center point runs, Ci=14
and the axial runs, Ai-1,6 as shown in Fig 3.

Gen Tol +005

Fig. 2. Experiment tools and shoulder/pin geometry.

Fig. 3. Specimens and zones of fracture after tensile tests.
Fi=1,6 factorial runs, Ci=1,4 center point runs, and A=y, star
point runs
Each specimen has been prepared according to the ASME
E8M-04 standard and, have been undergone a tensile test at
room temperature and at a crosshead speed of 0.1mm.mn.
Among the 18 tested samples, nine have failed midway the
gauge length and six broken in the vicinity of the grip region.
In Fig. 4a, 4b and 4c, the true stress-strain curves of the
specimens put side by side the base metal (BM) plot are
given. Manifestly, all specimens have similar true tress-train
plots with (curs) and (ovs) lesser than what it has been found
for the BM. In average, a decrease of 39% in the (curs) and
17% in (oys) was observed given the BM characteristics.
And, maximum (curts) and (ovs) were achieved at about 59%

and 24% of the BM performances [26].
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Fig. 4. True stress-strain plots of the specimens versus the
B.M. (a) Factorial, (b) Center, (c) Star runs.

The plots in Fig. 5a and 5b show the (curs), (ovs), (Hc) and
(E%) which have been measured in the specimens and
compared with the BM. The C3 run in Fig.5.b holds rather a
suspicious tensile elongation in comparison with the BM.
This could stand for an outlier point which when looking into
did not question the experiment data integrity.

A. Experiment strategy

Response surface methodology (RSM) has been broadly
implemented to formulate functional relationship (a priori
unknown) between dependent process responses and the
independent process parameters variables [27]. Because we
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suspected curvature in the functional relationship, we decided
on fitting second order models. Accordingly, the experiment
has been conducted in 18 CCD (a=*1) runs. For the DoE
coding, the actual units of the —1 and +1 levels are set at 653
r.p.m and 1280 r.p.m for the rotation speed (N), 67 mm.mn!
and 109 mm.mn-! for the tool traverse rate and, 33% and 44%
for the tool diameters ratio (r%). The intermediate setting of
N, F and r% has been maintained at 910 r.p.m, 86 mm.mn-
and 39%, respectively. Table 2 enlists the process parameters
as well as the setting levels recipe.

Fig. 5.Mechanical properties of the tested specimens and the
B.M. a) (CUTS) and (Gys), b) (HC) and (E%)
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Because nuisance factors are present and must be accounted
for, five controllable factors have been chosen and held
constant all through the experiment time. Table 3 enlists the
nuisance factors hold for the experiment.

The design encoding, Anova tables as well as the
sensitivity/optimization analysis will be assisted using
Minitab® software. Table 4 shows the study DoE layout as
expressed in natural coding units.

Table 3. FSW process parameters maintained constant
Parameters Value

Pin height (mm) 53

Shoulder diameter (mm) 18

Pin small cone diameter{mm) 4

Tool mclination (%) 3

Infeed (mm) 0.94
Table 4. CCD layout for the FSW process experiment

Factors Setting
FCCD (8 factorial + 4 Center + 6 Axial runs) Process Responses

Std. | Run | P N F r =0} 8 = ums
Ord. | Ord. | Types rpm mmmn? | (%) E% Guts Oy He oy 1
7 1] 0 910 86 39 | 7150 | 2025 | 425 3.765
7 2|1 653 109 44 | s200 | 1630 | 420 2.881
14 3 1 910 86 44 | 5140 | 1510 | 420 2,503
9 4| 4 653 86 39 | 8760 | 2320 | 510 3.549
2 51 1280 67 33 | 4400 | 1650 | 500 2300
16 6| 0 910 86 39 | 7.600 | 1920 | 440 3.364
6 71 1280 67 44 | 1300 | 600 | 380 0.579
10 8 | 1 1280 86 39 | 3930 | 1130 | 430 1.628
5 9 | 4 653 67 44 | 10000 | 2230 | 460 3.848
m |10 1 910 67 30 | 7.660 | 2020 | 480 3.208
3 1| - 653 109 33 | 14.000 | 2640 | 630 3190
15 |12 1 910 86 39 | 7100 | 1860 | 420 3429
4 13| 0 1280 109 33 | 6800 | 1850 | 560 2304
B4 2 910 86 33 | 9460 | 2440 | 590 3136
3 15 1 1280 109 44 | 1900 | 620 | 360 0.722
1 16| 1 653 67 33 | 92.000 | 2800 | 680 3118
|17 o4 910 109 39 | 7.810 | 1820 | 480 2.792
18 | 18] 0 910 86 30 | 8500 | 2040 | 430 3744
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EXPERIMPIRICAL PREDICTIVE MODELS
A. The predictive model for the tensile elongation (E%)

Beforehand, we emphasized a quadratic RSM model which
is able to describe variation in the tensile elongation response
(E%), reliably, will be experienced. Allowing for a threshold
of 95% C.1., the candidate regression model(s) should satisfy
the best trade-off among the model statistics, that is, the LoF,
R?, R%-pred, R?-adj and S.

Table 5. Regression models of (E%) and (Hc) in N, F and r%
(candidate sub-sets are highlighted in bolt).

Model Statistics
Model Terms R? R?
S R? . LoF
(pred) | (adj)
N, F, 1% 1.46 80.86 58.45 76.76 0.080
g N, r'% 144 80.19 66.53 77.55 0.990
2 | N, F, r%, NxF
E ’ ) 1 ’
< Fxr%, Nxr% 1.05 | 9225 | 17.06 | 88.02 | 0.180
& [ N, F, r%, Fxr%e 1.00 | 91.63 | 75.11 | 89.06 | 0.210
Full quadratic 1.12 | 93.56 0.00 86.31 | 0.134
N, F, r% 0.62 66.24 36.81 59.01 0.040
< LN 0.64 | 58.70 | 4556 | 56.12 | 0.020
B | N,F, r%, NxF
o (L] ’ 1
€ | Fxr%, Nxr% 0.55 | 79.08 0.00 67.67 | 0.050
TI-? N, r%, Nxr% 052 | 76.21 | 6056 | 71.11 | 0.030
= | Full quadratic 0.30 | 95.35 | 61.06 90.13 | 0.214
N, r%, Nxr%, N? 0.36 | 89.40 | 80.36 | 86.14 | 0.420

Accordingly, the (N, F, r%, NxF, Fxr%, Nxr%) model
represents a potential candidate as it is indicated in Table 5
elucidates. Also, the four-plot shown in Fig. 6 charts the
model residuals behavior and does not question the model
adequacy, correspondingly. Yet, the residuals normality and
the independence conjectures were found ostensibly violated
(i.e., normality p-value 0.035<5% and the residual scattering
is enlarged when factors F, N and r% are set middle). When
referring to Table 5, the factors N, F and r% explain 80.19%
to 93.56% of the variability in E%. And, the LoF of all
inspected models advise insignificance at 5% level. Hence,
suggesting that first order models are considered fit. The pure
error standard deviation of the experiment ranges 1.003 to
1.46 and the lowest value (Std=1.003) was met for the (N, F,
r%, Fxr%) model.

Residual Plots for E%
Normal Probability Plot 3 Residuals Versus the Fitted Values
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Fig. 6. Four-plots chart of the full model (main+ interaction
effects).
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The analysis of the (N, F, r%, NxF, Fxr%, Nxr%) model
summary of fit is given in Appendix A. It uncovers a poor
performance vis-a-vis the model capability to predict new
data (R2-(pred) 17.06%). Also, the Anova Table (Appendix
A) indicates that at 95% of C.I., only the main effect of
factors N and r% (p-value 0.000) and the interaction Fxr%
(p-value 0.002) are statistically significant. Therefore, the
reduced model (N, F, r% and Fxr%) was retained to describe
variation in (E%). The model accounts for a LoF=0.214,
R?=91.63%, $S=1.003 and R?-(pred)=75.11%.

Given the exploration spaces pertaining to factors N, F and

r%, the tensile elongation (E%) model can be expressed as it
follows.

Coding units ( 1):

E% =6.843—2.912(N) +0.351(F ) — 2.019(r %) —1.448(Fxr%)

E% =—13.986—0.009(N) +0.499(F) +0.736(r%) — 0.012(Fxr%)

Main Effects Plot (data means) for E%
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Fig. 7. Main and interaction plots for response(E%).

The interaction Fxr% is better manifested in Fig. 7 which
represents the effect of the r% factor on the mean response
(E%) for different setting of the tool traverse rate (F). The
effect was small when (F) is set low and large when it is set
middle or high, agreed r% € [33%, 39%], with the best setting
at F high and low r%. Interestingly, changing the r% setting
from low to intermediate would result in almost the same
mean response (E%) (about 7.49%) regardless of the traverse
rate setting. From intermediate to high setting of r%, the
mean response (E%) attains its maximum when F is set low.
Furthermore, at 5% of type | error, the rotation speed (N) has
a statistically significant effect on the response (E%) and it
does not take part in any significant
interaction.
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Therefore, it is advisable to set N low as Fig. 7 suggests. For the sensitivity analysis (Fig. 9), the sensitivity
coefficients

Presently, if we refer to the surface contour plot which is {a) Average sensitivity when varying
shown in Fig. 8, itis indicated the maximum mean elongation the rotation speed (N)
(E%max) was met for N, F and r% being set low (653 rpm),

high (109 mm.mn) and low (33%), respectively. G2 333
8 3 050
g E 100
Contour Plot of E% vs F (mm.mn-1); r (%) g £ 10
>0
] I T\ <5 T
w05{ \ i 8 653 910 1280
100 Emean(pN)|  -0.53 -0.94 214
Emean{§F) 0.06 0.05 0.01
o 954
& Hold Values mean{¢r} = -1.21 1.54 2.53
g 90 N (rpm)\ 653
= g (b) Average sensitivity when varying
5 %) = 33.!
12 ;((r/rﬁnm3r13%05:4108999 the tool feed (F)
[T 804 1t E% = 13.2226 o >
ey
751 e= 1
9 Eﬂ g
70 o g -4.
3: = :i
T T T T T o -
34 3 38 40 4 44 67 86 109
r (%) mmean(¢pN}| 1,26 -1.19 -1.16
Fig. 8. Response surface contour plot of response (E%) Emean(dF)  0.11 0.05 0.04
mean(dr) -0.53 -1.68 -3.06

In Fig. 8, the surface contour plot for F high is shown and it is
indicated the maximum elongation (E%max) is graphically

(c) Average sensivity when varying

achieved at about 13.223%. the tool diameters ratio (r%)
So far, we determined the main and interaction effects of the “ Z 050
N, F and r% process parameters on the response (E%). The 82 050 0 I r
reliability of the fitted model as expressed in equations (1) ga 10
and (2) is further argued by getting insight into the most E% 2900
sensitive factors. -3.00 — " “
The calculation of the partial derivatives (direct method) of mmean(dl)| 005 | 116 | 430
the regression model with respect to N, F, and r% is wmean(dF) | 073 011 072
performed to determine the sensitivity coeficients i=n . Of meanidn) | 107 o e
the independent variables N, F and r% on E%.
0E% N Fig.9. Sensitivity analysis for the process response (E%). a)
NN Eoe 3) when varying the tool rotation speed (N), b) when varying the
K traverse rate (F), ¢) and, when varying the tool diameters ratio
E% F 0
(22 =88—F§ 4) (r%).
. 0 were calculated by averaging them over different factors
b _OE% r% (5) setting. The histograms displayed in Fig. 9 suggest the
r% —

or% E% following findings:

. N F r% . o o
The quotients — , —— and —— are introduced to = In average, the tool traverse rate factor (F) is insensitive
E% E% E%

to the process response (E%) despite of the N, F and r%
setting levels.
Allowing for factors N and r%, the histograms in Fig.
. 9a, 9b and 9c, indicate that, in average, the tool
10?2 OE% — 9290 (6) diameters ratio (r%) is the major sensitive factor on
' (E%). The maximum sensitivity of r% is met when (F)
is set high (¢r%=-3.06). The sensitivity of N on (E%) is
=499.355-12.536(r%) (7 rather irrelevant to the traverse rate (F) and at a lesser
A degree to the r% setting level as it is shown in Fig. 9b
02@ and 9c. The histogram of Fig. 9a shows that the
r% maximum sensitivity of N on (E%) occurs at the
The partial derivatives of E% in respect of F and r% are linear vicinity of N high (¢n=-2.14).
in r% and F, respectively, and both have the same negative
slop (-12.536). However, the partial derivative of E% in
respect of N was found irrelevant to the factors N, F and r%,

normalize the coefficients by removing the effects of units.
The partial derivatives of (E%) with respect to N, F, and r% .
in active coding are given below:

102 OE%

1 =735.957-12.536(F) (8)

indistinctly.
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= Local maximum sensitivity of N (§n=-3.2), F ($pr=-1.53)
and r% (¢r%=-7.47) on (E%) were observed when N, F
and r% are set high, altogether (see Appendix C).

Appendix C summarizes the calculation of the local
sensitivity coefficients, ¢n, e for all combination of factors
setting.

B. The predictive model for the hardening capacity (Hc)

The calculation of the hardening capacity response (Hc) has
been initiated from the experimental data of (cuts) and (cvs)
[26] (see Table 4). The normalized form of the hardening
capacity (Hc) [27] is given below.

He =215 -1 ©)
Oys

Likewise the foregoing, we purpose to fit a quadratic RSM
model which is able to assess variation in the (Hc) process
response, reliably. The analysis of the first order and second
order (main + interaction terms) regression models revealed
inappropriate owing to LoF as it has been reported in Table 5
(i.e., all p-values are lesser than 5%). A full quadratic model
is therefore thought of. The visual checking of the scattering
plot of residuals of such a model is shown in Fig. 10 and does
not suggest any abnormal patterns, yet, the residuals
normality assumption (p-value<5%) is manifestly violated.
The normality assumption is satisfied (p-value 0.417) when
considering the reduced model (N, r%, Nxr%, N2) as it will
be explained further. The Appendix B gives a summary of the
statistics for both the full and reduced quadratic models. The
statistics sustain the full quadratic model ability to fit
variation in (Hc), that is, LoF=0.214, R?=95.35%, S=0.304
and R? (pred)=61.06%). However, the Anova Table
highlights the leverage of the terms N (p-value 0.000), r%
(p-value 0.006), N2 (p-value 0.056) and the interaction Nxr
(p-value 0.002) at 95% of C.I. Also, the regression p-values
of the interactions (p=0.011) and the squared terms (p=0.005)
are found statistically significant, suggesting presence of
curvature in the response surface.

Residual Plots for Hc=(UTS/YS)-1
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Fig. 10. Four-plots chart for the model adequacy of response
(He)

Once we get rid of insignificant main and interactions terms,
we obtained the reduced candidate model (N, r%, N? and
Nxr%) which demonstrates better performances.  From
Table 5, we read a LoF=0.423, R?=89.40%, S=0.360 and R?
(pred)=80.36%. Notice the obvious increase in R?-(pred) in
comparison with that found for the full quadratic model.

Considering the exploration spaces of factors N, F and r9%,
the empirical model for the hardening capacity (Hc) can be
formulated as it follows.

Coding units(10):

Hc =3.134—0.897(N) —0.348(r%) — 0.467(Nxr%) — 0.715(N )
Natural units(equation 11):

He =-8.548+0.022(N) +0.199(r%) — 2.710.10~* (Nxr%)
—7.279.10 °(N?)

The interaction plot shown in Fig. 11 displays the effect of
r% on the mean response (Hc) which is found small when the
rotation speed (N) is set high and large when the rotation
speed is low, with the best setting at N low and r% middle.
The Anova (see Appendix B) indicates the traverse rate (F)
was irrelevant (p-value 0.288 at 5% of type | error) to the
variation in (Hc), that is, the FSW process is robust to the
traverse rate variation. From the main effect plot (see Fig.
11), it turns out that maintaining F at middle level (F=86
mm.mn™) would result in the highest average for (Hc).
Hence, the best mean hardening capacity (Hc) is achieved at
N, F and r% low (653 rpm), middle (86 mm.mn-!) and middle
(39%), respectively. Changing the r% setting level from low
to intermediate brings about a small increase in the mean
hardening capacity (Hc) for N low or middle and a rapid
decrease in (Hc) for N high. And, changing r% from
intermediate to high entails a drop in the mean hardening
capacity (Hc) despite of the N setting level. Therefore, the
maximum of the hardening capacity do occur when the
rotation speed is set low. The contour plot displayed in
Fig. 12 (traverse rate being maintained low) indicates that the
maximum hardening capacity is attained at about
Hcmax=3.822.

The Appendix B has given the statistical significant
factors which impact the response (Hc), namely, the linear
effect in N and r%, the interaction effect Nxr% and a
quadratic effect in N2, The reliability of the RSM model is
further corroborated by getting insight the sensitive factors
on the process response (Hc). Likewise before, we proceed
by the calculation of the partial derivatives of (Hc) with
respect to N, F, and r%.

The sensitivity coeficients for the independent variable N, F
and r% are given below.

He N
= — ~ 12
N =N Ao (12)
oHe F
=9c - 13
% =—F Ao (13)
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Fig. 13. Sensitivity analysis of N, F and r% on response (Hc).
1100 a) when varying the tool rotation speed (N), b) when varying
the traverse rate (F), ¢) and, when varying the tool diameters

oo~ ] ratio (r%)
3.0

900 : According to the histograms showm in Fig. 13, the sensitivity
analysis comes to:
= Likewise the forgoing, in average, the traverse tool rate
200 (F) has insignificant sensitivity on the response (Hc)
; ; ; ; ; (¢r=0.00) regardless of the setting level of the factor N,
34 36 r3tz%) 40 42 44 F. and/or r%.
= The histogram of Fig.13 (b) shows that the sensitivity of
N and r% on (Hc), ($n=-1.39) and (¢pre=5.70),
respectively, are almost kept constant when varying the
traverse rate (F).
= Allowing for the factors N and r%, the histograms in Fig.

N (rpm)

800 4

Fig. 12. Response surface and contour plot of (Hc).

The partial derivatives of (Hc) in respect of N, F and r% as
expressed in active units are:

104 dHce =216.425—0.146(N) (15) 13a, 13b and 13c show that in average the tool diameters

oN ratio (r%) has the greatest sensitivity on (Hc) in spite of

a|—A|C the setting of factors N, F and r%. The highest sensitivity

— =0 (16) of N(¢n=-10.62) and 1% (§=21.42) on (Hc) are

oF

n achieved at r% high. As regards the variation effect of

10* He =1986.340—2.710(N) (17) N, the sensitivity of N and r% on (Hc) is maximum given
r% N high.

Notice, the partial derivative in respect of F equals zero
which means the FSW process is robust to the factor F when
considering the hardening capacity. The Appendix C reports
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= Local maximum sensitivity coefficients for N and r% on
(Hc) equal -37.58 and 64.82, respectively. And, they are
met for N, F and r% being set (high, low, high), (high,
middle, high) or (high, high, high), respectively (see
Appendix C)

IV. RESPONSE OPTIMIZATION

In the foregoing, we emphasized the contour surface, the
interaction and main effects plots pertaining to the responses
(E%) and (Hc) have given rise to a dilemmatic settings when
maximization. On one hand, the tensile elongation (E%) is
maximum given N, F and r% being set low, high and low,
respectively, on the other hand, the hardening capacity (Hc)
is maximum when N and F are set low and r% middle. To
alleviate such a concern, we employ the simultaneous/joint
optimization procedure (desirability function) [28].
Depending on whether a process response, Yi, is to be
maximized, minimized or assigned a target value, a definite
class of desirability function, di(Y3), is utilized. Presently, the
objective is to jointly maximize (E%) and (Hc), therefore, we
consider the following desirability function:

0 it Y. ()<L
d; (;) (% ' it L<Y(x)<T,
1 it Y, (0>T;

Where, Li< Ti < U; are the lower, target and upper desired
values for Y; (notice, in case of maximization, T; is chosen
large enough for Y;). The exponent, r, measures the
speed/precision to get at the vicinity of the target value.

rpm) F (mm.mn r (%)

Optimal 109.0 44.0
D [105.6061] [33.0]
7.0 33.0

g
0.97358 oy

Composite
Desirability
0.97359

E% /
Maximum
y =12.9893
d = 0.99643

He=[(UTS
Maximum ™1
¥ = 3.0464
d =0.95126

Fig. 14. Minitab® response optimizer printout

The optimal factors setting for the simultaneous
maximization of (E%) and (Hc) is achieved when the

composed desirability D:ﬁdiw' comes near 1, (wi is the
i=1
weight of response i).

Fig. 14. shows the Minitab® response optimizer printout. The
high composed optimal desirability (D=0.97359) suggests a
satisfactory solution was hit. A global optimal solution
consists in setting N at 653 rpm, F at 105.606 mm.mn* and
r% at 33%. The predicted process responses are then
E%max=12.989 (desirability de%=0.996) and Hcmax=3.046
(desirability dnc=0.951).
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V. CONCLUSION AND RECOMMENDATIONS

The paper has purposed to assess the tensile elongation
(E%) and the hardening capacity (Hc) in FSWed joints of the
2017 AA plates. Given the investigation space of the
operating recipe (factors space), we addressed twofold goals
i) search for the predictive models pertaining to the process
responses (E%) and (Hc), ii) and, finding out the optimal
parameters setting which would maximize (E%) and (Hc),
simultaneously. Following are important study findings.

1. The Anovas and summary of fit tables (Appendices A &
B) have highlighted the statistical influence of the N, r%
and Fxr% terms on the tensile elongation (E%) estimate
and the N, r%, Nxr% and N2terms on (Hc). The traverse
rate (F), however, has proven irrelevant to the variation
in (Hc). The maximum tensile elongation and hardening
capacity which occurred in joints are about 60% and 6.8
times that found in the BM. Accordingly, both the
experimental tensile elongation and hardening capacity
curves of the tested coupons were very low compared
with those of the BM. It turns out a fair weld ability of
the 2017AA given the N, F and r% parameters spaces.
Nevertheless, when increasing N, the variation in (curs)
and (oys) and (E%) did not disclose any softening
effect.

2. In average, the sensitivity analysis of factors N, F and
r% on the responses (E%) and (Hc) has emphasized the
influence of the tool diameters ratio factor (r%). The
sensitivity of the tool rotation speed (N) seconded r% in
terms of prevalence. The FSW process sensitivity,
however, was robust vis-a-vis the tool traverse rate
factor (F).

3. The desirability study have shown that maximum
elongation (E%) and hardening capacity (Hc) happened
for a predicted E%=12.989 (desirability 4e%=0.996) and
Hc=3.046 (desirability 41c=0.951). This solution holds
when both N and r% are set low and F set at 105.606
mm.mn-L,

Given the factors space regions, the study findings have
shown that both the tool geometry (r%) and the rotation speed
(N) prevail as to the variation in the (E%) and (Hc) responses,
indistinctly.

VI. APPENDIX

Appendix A (E% regression model in N, F, r%)

1. Parameter Estimate (Full Linear + Interaction Model)

SE

Term Coef. Coef. T P

Constant 6.842 0.249 27.419 | 0.000
N (rpm) -2.905 0.330 -8.812 | 0.000
F (mm.mn?) 0.364 0.332 1.098 | 0.296
r (%) -2.020 0.332 -6.090 | 0.000
N (rpm)xF (mm.mn-1) 0.345 0.370 0.934 | 0.370
N (rpm)xr (%) -0.006 0.370 -0.017 | 0.987
F (mm.mn-1)x r(%) -1.447 0.370 -3.905 | 0.002

2. Summary of Fit (Full Linear + Interaction Model)

S = 1.050 R-Sq = 92.25% R-Sq(ad]) = 88.02%

105

R-Sq(pred) = 17.06% PRESS = 129.643 Cv =0.65
3. ANOVA & LoF (Full Linear + Interaction Model)
Seq Adj Adj
Source DF ss pory MS = P
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Regression 6 | 144185 | 144185 | 24.031 2181 0.80 1. Parameter Estimate (Full Linear + Interactlsog Model)
0.00 Term Coef. Coef T P
Linear 3 | 126.394 | 127.316 | 42.439 38.52 0 Constant 3043 0.124 26.173 0,000
. 0.01 N (rpm) -0.894 0.096 -9.306 0.000
Interaction 3 17.791 17.791 5.930 5.38
6 F (mm.mn?) -0.109 0.096 -1.138 0.288
Residual error | 11 | 12.118 12.118 1.102 - - r (%) -0.361 0.096 -3.756 | 0.006
Lack-of-Fit | 8 | 1085 | 10856 | 1.357 | 323 | 018 || N2 -0428 | 0191 | -2.236 | 0.056
2 F? -0.162 0.186 -0.867 0.411
Pure Error 3 1.262 1.262 0.421 - - r%?2 -0.335 0.186 -1.801 0.109
Total 17 | 156.303 - - - - N (rpm)xF (mm.mn-1) 0.134 0.107 1.254 | 0.245
4. Parameter Estimate (Reduced Model) N (rpm)xr (%) -0.466 0.107 -4.359 | 0.002
Term Coef. SE SE SE F (mm.mn-1)xr (%) -0.114 0.107 -1.066 | 0.317
Coef. Coef. | Coef. | [ 2, summary of Fit (Full Quadratic Model)
Constant 6.843 0.238 28.694 | 0.000 S=0.304 R-Sq = 95.35% R-Sq(adj) = 90.13%
N (rpm) -2.912 0315 | -9.247 | 0.000 R-Sq(pred) = 61.06% PRESS = 6.18780 Cv=0.21
F (mm.mn-1) 0.351 0317 | 1110 | 0.287 | [ 3. ANOVA & LoF (Full Linear + Interaction Model)
r (%) -2.019 0.317 | -6.377 | 0.000 Seq Adj Adj
F (mm.mn-L)xr (%) 1448 | 0.354 | -4.090 | 0.001 Source DF | 55 sS MS F P
5. Summary of Fit (Reduced Model) _ Regression 9 | 15154 | 15154 | 1.684 | 18.25 | 0.000
§$=1.003 R-Sq = 91.63% R-Sq(adj) = 89.06% Linear 3 10527 | 9.416 3.139 | 34.01 | 0.000
R-Sq(pred) = 75.11% PRESS = 38.904 Cv=0.65 Interaction 3 2,617 | 2587 | 0862 | 9.34 | 0.005
6. ANOVA & LoF (Reduced Model) i Square 3 2.009 2.009 0.669 726 | 0011
Source oF | Sed Adj Adj = p Residualerror | 8 | 0738 [ 0738 | 0092 - -
SS SS MS Lack-of-Fit 5 0.607 | 0.607 | 0121 | 279 | 0214
Regression 4 | 143203 | 143223 | 35806 | 3559 | 000 || PureError | 3 | 0431 | 0431 [ 0043 [ - -
0 Total 17 | 15.892 - - - -
4. Parameter Estimate (Reduced Model)
SE SE SE
Coef. of Coef. of Term Coef.
o Sensitivity Sensitivity Coef. Coef. Coef.
| & 2 on (E% . on (H) Constant 3134 | 0.33 | 23468 | 0.000
= £l o | @ He N (rpm) -0.897 | 0414 | -7.877 [ 0.000
g E|¥ Oy | B | Bo By | B | [r(%) -0.348 | 0114 | -3.059 [ 0.009
z | = N? -0.715 | 0.178 -4.023 | 0.001
33 | 11.33 | 054 | 051 | -0.30 | 344 | 230 | 0.21 N(rpm)xr (%) -0.467 | 0.127 -3.687 | 0.003
67 |39 | 1092 [ -056 | 0.06 | -0.37 | 2.92 | 271 0.29 5. Summary of Fit (Reduced Model)
44 ] 1058 | 057 | -0.33 [ -043 | 303 [ 261 | 031 S=0.360 R-Sq = 89.40% R-Sq(adj) = 86.14%
o | BB o o Tas oo o [0 | [~ Fesaoeq =a0a | PRess=3122 | cv=oal
44 | 1003 | -0.61 | -0.45 | 150 | 3.03 | 261 | 031 6. ANOVA & Lok (Reducseg MOdEI)A T AdM
33 | 1565 | 0.39 | 0.60 | -1.33 | 2.79 | 284 | 026 Source DF 4 J J F P
109 [ 39 [ 1222 [ -050 | 0.09 [ -2.01 | 2.92 [ 271 | 0.29 . SS SS S
44 9.36 -0.65 -0.61 2.06 3.03 261 0.31 REgI’ESSIOﬂ 4 14.208 14.208 3.552 27.42 0.000
33 901 | -094 | 064 | -0.38 | 2.96 257 -0.53 Linear 2 10.330 9.257 4.628 35.72 0.000
67 39 8.61 | -0.98 | 0.08 | -0.47 | 2.68 2.84 -0.70 Square 1 2117 2.097 2.097 16.18 0.001
44 826 | -102 | -042 | -0.55 | 2.44 3.12 -0.87 Interaction 1 1.761 1.761 1.761 13.59 0.003
33 | 1097 | 077 | 067 | -1.03 | 296 | 257 | -053 | | Residualerror | 13 | 1684 | 1.684 | 0.130 - -
910 | 8 |39 | 919 | -092 | 010 | -145 | 268 | 284 | -070 Lack-of-Fit | 4 | 0545 | 0545 | 0136 | 108 | 0.423
44 771 | -110 | -058 | -1.95 | 244 | 312 | -0.87 PUre E 9 1139 1139 | 0127
33 | 1334 | 063 | 0.70 | 156 | 2.96 | 257 | 053 ure £rror : : : - -
109 [39 | 001 | -085 | 011 | 248 | 268 | 284 | -0.70 | | Total 17 | 15892 | - - - -
44 705 | -1.20 | -081 | -3.94 | 244 | 3.12 | -0.87 7. Estimated Regression Coefficients For Hc (Uncoded Data)
33 568 | -2.09 | 1.01 | -0.60 | 1.53 248 | -3.21 Term Coef.
67 | 39 528 | 225 | 013 [ -0.77 | 064 | 592 | -9.05 Constant -8.548
44 494 [ 241 | -0.71 [ -0.93 | -0.10 [ -37.58 | 64.82 N (rpm) 0.022
33 7.64 | -156 | 096 | -1.48 | 1.53 | 248 | -3.21 % 0.199
1280 | 86 [ 39 5.86 | -203 | 015 [ 228 | 064 | 592 | -9.05 7
24 | 438 | 271 [ 102 | -343 | -0.00 | 37.58 [ 6482 | - > -1.280E-06
33 | 1001 | 110 | 0.93 | 208 | 163 | 248 | 321 | LNXI% -2.710E-04
109 [ 39 6.58 | -181 | 017 [ -374 | 064 | 592 | -9.05 . . .
a2 372 | 320 | 153 | 726 | 010 | 3758 | easz | Appendix C (Normalized sensitivity Coef., ¢ F.ro)
Linear 3 126.394 | 127.654 42.551 | 42.29 0'80
0.00 REFERENCES
Interaction 1 16.829 16.829 16.829 16.73 ) i
1 [1]  W. M. Thomas, E. D. Nicholas, J. C. Needham, M. G. Murch, S. P.
Residual error 13 13.080 13.080 1.006 - - Temple, C. J. Dawes, "Improvements relating to friction welding,” G.
. 0.21 B. Patent No. 9125978. 8, 1991.
Lack-of-Fit | 10 | 11818 | 11.818 | 1182 | 281 4 [21  M.P.Milles, B. J. Decker, T. W. Nelson, "Formability and strength of
Pure Error 3 1.262 1.262 0.421 _ _ friction—s_tir—welded aluminum sheets,” Metallurgical And Materials
Total TRE Transactions, Vol. 35A, pp. 3461-3468, 2004.
otal | 156.303 - - - - [3] D.M.Rodrigues, A. Loureiro, C. Leitao, R. M. Leal, B. M. Chaparro,
7. Estimated Regression Coefficients For E% (Uncoded Data) P. Vilaca "Influence of friction stir welding parameters on the
Term Coef. microstructural and mechanical properties of AAB016-T4 thin
Constant -13.986 welds", Materials and Design, Vol. 30, pp. 1913-1921, 2009.
N (rpm) -0.009 [4] R.S.Mishra, Z. Y. Ma, "Friction stir welding and processing", Mater.
F (mm.mn?t) 0.499 Sci. Engr., R 50, pp. 1-78, 2005.
% 0.736
Appendix B (Hc regression model in N, F, r%)
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