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steel welded to DP980 and high strength low alloy (HSLA) steel welded to HSLA, using Diode laser beam;
they used limiting dome height (LDH) tests. Nagasaka [4] has presented investigation of the effects of laser
welding conditions on mechanical properties and press formability, and concluded that lower weld speed and
energy input during laser welding results in better formability. Xia, et al [5] carried out similar LDH tests on
DP and HSLA steels and concluded that the failure pattern of DP parent metal was determined by its rolling
direction. Sreenivasan et al [6] used LDH tests to evaluate DP980 steel compared to formability of base metal.
In all these studies, regions of lowered hardness in the heat affected zones of DP980 seemed to have the largest
impact on the formability. Padmanabhan et al [7] studied the effect of anisotropy in the laser-welded blank and
blank rolling direction and concluded that appropriate combination of the blank sheets rolling direction
orientation can significantly improve the formability of the TWB in the deep-drawing of square cup. Hyrcza-
Michalska and Grosman [8] present research on laser welded blanks made of different steel grades and
different combinations of thicknesses using hydroforming as well as bulging tests. Ahmetoglu et al [9] carried
out deep drawing of welded blanks of aluminum killed draw quality (AKDQ) steel with weld line located at
different orientations; they concluded that by adjusting the blank holder pressure (BHP), the weld line
orientation can be controlled and thus it is possible to reduce the level of straining on the side of the blank that
has lower thickness or lower strength. Saunders and Wagoner [10] have used LDH tests with finite element
modeling using SHEET-3 software, and concluded that weld line motion during forming operations is critically
important to the development of strain patters and failure sites. They also observe that when samples are
stretched parallel to the weld, the limited weld ductility allows cracks to nucleate and propagate normal to the
weld line; and when the samples are stretched perpendicular to the weld, the stronger material constrains the
weaker one to fail near plane-strain tension with the crack in the weaker material running parallel to the crack.
Several research investigators [11, 12, 13] have studied the characteristics of weld line movements for deep
drawing in TWB's, while others [14, 15, 16, 17] have presented other aspects of forming of TWB's including
springback [14] and Forming Limit Diagram in TWB's including DP800 material [16].

In this paper, a study of the formability of TRIP steel butt-welded to mild steel using a 6 kW Yb:YAG laser is
reported. Results of attempts to conduct formability tests on DP steel welded to MS and to TRIP780 are also
presented. The objective is to confirm that fractures do not occur in the weld regions in the TWB's. For the
purpose of these experiments, the direction of the rolling during the manufacturing of steel was ignored. Since
the unilateral plane-strain OSU formability test (OSUFT) has been found to result in the lowest variability [17],
this method was chosen. Microhardness values as well as microstructural analysis using color tint etching [18,
19] and scanning electron microscope are also included, since the hardness and microstructures have a

significant impact on formability.

6.2 Experimental details
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Two grades of AHSS (TRIP780 and DP980) and mild steel (MS) were obtained in the form of 1 mm (MS,
TRIP) and1.5 mm (DP) sheets, and sheared to coupons of about 100mm x 200 mm size. TRIP780 had been
pre-coated with zinc coating by galvanizing process. Some TRIP steel coupons were pre-strained to 5%
(designated TR-5) and 10% (designated TR-10) in an Instron machine. The grades, compositions and
mechanical properties of these steels are listed in Table 6.1 (a) and (b). The coupons were milled on the edges
to keep the straightness within 10% of thickness to allow butt welding. The coupons were later mounted in a
fixture as shown in Figure 6.1 with the configuration set as a butt joint and welding was carried out. A
continuous wave Yb:YAG laser, manufactured by TRUMPF (TruDisk 6002) with a power capacity of 6 kW
and beam quality of 8 mm-mrad was used for welding. The laser beam was transmitted through optical fiber
and focused on the specimen surface by the lens with 200 mm focal length. The spot diameter at the focal point
was about 0.6 mm. The system comprises of the laser beam delivery system mounted on the robot's end-
effector and moving in 3D space, with the beam perpendicular to the workpieces for all combinations. The
samples were held stationary in the weld fixture as shown in Figure 6.1. Initially bead-on-plate experiments
were performed to obtain the appropriate laser parameters for butt welding. Two power levels (and speeds
suitable for full penetration as determined by bead-on-plate experiments) were used as shown in Table 6.2.
Argon gas at 30 I/min was used for shielding. The weld scheme is presented in Table 6.2, also shows samples
tested for tensile strength as well as samples prepared for formability tests.

Table 6.1 (a) Chemical composition (wt%) of DP980, TRIP780 and mild stel used.

Steel C Mn | Mo P S Si Cr Al B Ti Vv Nb Ni Cu N
DP980 |0.135|2.100(0.350| -- -- 10.050|0.150|0.450| 0.007 | -- - - - - -
TRIP780 |0.190(1.580| -- |0.013|0.025|1.600(0.070|0.036| -- |0.027| -- ]0.038|0.020|0.020
Mild Steel {0.043]0.270|0.002{0.041|0.009(0.021{0.020|0.040| 0.000 |0.002|0.001| -- - - 10.007

Table 6.1 (b) Mechanical properties of DP980, TRIP780 and mild steel used.

Steel Yield strength Ultimate strength Elongation
(MPa) (MPa) (%)
DP980 CR 534 980 12.2
TRIP780 CR 471 792 18
Mild Steel 215 355 37.8

After welding, dog-bone shaped tensile test specimens were cut from transverse sections at the mid-length
position of the welds and the cut surfaces were prepared for metallographic inspection by polishing and etching
using a 3% nital solution to display weld shape and microstructure. The mounted samples were examined
under optical microscope. Microhardness was evaluated using a Vicker’s hardness tester at a load of 0.5 kN.
Tensile tests on the welded joints were carried out on an Instron Tester. Dimensions of the tensile samples are

shown in Figure 6.2.
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Table 6.2 Experimental set-up for laser welds

. Thickness . Thickness Weld power Weld speed
Sample ID Material 1 (mm) Material 2 (mm) (W) (mmisec)

TR-0 (TRIP780 as received, cold
TR-0/MS-70 rolled and galvanized using Gl 1.0
process)

MS (Mild Steel, cold rolled, no
protection)

TR-5 (TRIP780 10% stretched, cold MS (Mild Steel, cold rolled, no

TRA0MS-70 rolled and galvanized) protection)

DP/MS-70 DP980 . 10 MS (Mild Steel, c?old rolled, no
cold rolled, no protection protection)

DP/MS-150 DP980 15 MS (Mild Steel, cold rolled, no

cold rolled, no protection protection) 1.0 37 150

Figure 6.1 Laser welding being
carried out on samples
mounted as butt-joints in the
weld fixture. The photograph
shows the shield gas along with
smoke moving towards the
exhaust.

<\ SHIELD GAS

Figure 6.2 Dimensions of tensile test sample.
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Formability tests were carried out using OSU formability test on an Instron Tester using special OSU fixtures
(Figure 6.3). To accomplish this, welded samples as well as samples of plane stainless steel grade 409 were
cut to size and milled to a uniform 192mm width. The test equipment was switched on for over an hour to
stabilize actuation before the tests were run. Initially, about 20 samples of stainless steel 409 were prepared and
run on the machine for conditioning of the punch and binder plates to minimize variability [17]. After this,
welded samples were positioned with the weld bead in the plane strain area, with the weld zone as shown in
Figure 6.3 (b), with loads applied in the transverse direction in relation to the weld line. Clamping loads typical
of 333.6 kN were applied for the locking beads. No lubrication was applied to the samples during the test. The

punch was advanced at 5 mm/sec. The dimensions for the OSU fixture are shown in Figure 6.4.

WELD ZONE POSITIONED
HERE, NORMAL TO THE
PLANE OF THE PHOTOGRAPH.

(@) (b) LOCK BEADS

Figure 6.3 OSU formability test fixture set-up: (a) Before the start of the test (b) At the conclusion of tests
when the samples are completely formed.

3R Figure 6.4 Major dimensions in the

\ / - OSU test fixture.
Ly

31.0
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6.3 Results and discussion
6.3.1 Microstructure

Optical micrographs of three combinations, TR-0/MS-70, TR-0/DP-70 and DP/MS-150, after being treated
with 2% Nital are presented in Figure 6.5 (a) — (d). The weld zones in (a) — (c) show the typical hour-glass
shape with a slight tear-drop at the bottom. The dendritic structure in the micrographs seem nearly horizontal
in the bottom while at 15 to 45 degrees to the horizontal in the mid to upper regions. In a few areas of DP/MS
and TRIP/MS combinations, microstructures as shown in Figure 6.5 (d) were noted. Comparison of this with
the micrographs presented by Gallagher et al [1] suggests that these areas might be secondary widmanstatten

ferrite with relatively lower microhardness values.

(b)

(d)

WIDMANSTATTEN FERRITE
COLONIES

500 pm

Figure 6.5 Weld zones for three combinations: (a) TR-0/MS-70, with TRIP780 shown on the left,
(b) TR-0/DP-70 with DP shown on the left, and (c) DP/MS-150 with MS shown on the left. All
micrographs are shown at 50X magnification. Colonies of Widmanstatten ferrite found in TR-
0/MS-150 combination are shown in (d), which is captured at 1000X magnification.

Micrographs of TR/MS-70, TR/DP-70 and DP/MS-150 after treating the polished surfaces to 2% Nital
followed by 2% Sodium Metabisulphite (NaMBIiS) are shown in Figure 6.6. Since martensite is shown in dark
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brown color after NaMBiS treatment [18], it can be said that most of the fusion zones in all three cases and
parts of heat affected zones in DP980 and TRIP780 are martensitic. Presence of other microstructures cannot
be ruled out since NaMBIS etches bainite also to a dark color. Regions of white are also seen, and since
NaMBIS shows ferrite in white, the earlier observation about the presence of secondary Widmanstatten ferrite
seems to be correct. Some regions of TR/MS-70 and DP/TR-70 are shown with varying darkness, but this is
because of variation in the etching of the surfaces. In the case of Figure 6.6 (c) showing microstructure of
DP/MS-150, some zones look lighter in color because of variation in the etching process. Higher magnification
micrographs are presented in Figure 6.7 for the fusion zones, transition zones from FZ to HAZ, as well as from

transition zones HAZ to base metal for TR/MS-70, TR/DP-70 and DP/MS-150 combinations.

B00 am

Figure 6.6 Micrographs of three
combinations after Nital and NaMBiS
treatment: (a) TR-0/MS-70, (b) TR-
0/DP-70 AND (c) DP/MS-150
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60 im

Figure 6.7 Higher magnification
micrographs (all at 300X) with
NaMBIiS treatment in the weld
zones for the three combinations:
(a) HAZ TO fusion zone transition
for mild steel in TR-0/MS-70, (b)
HAZ to base metal in TRIP780 in
TR-0/MS-70 (c) Fusion zone in
TR-0/DP-70, (d) Fusion zone in
DP/MS-150, and, (e) Fusion zone
to HAZ in DP980 in DP/MS-150
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15ku X1, 588 L8 Mo

Figure 6.8 Scanning electron
micrographs of (a) Mild steel base metal
to HAZ transition zone in TR-0/MS-70,
(b) TRIP780 HAZ to base metal
transition in TR-0/MS-70, (¢) Fusion
zone in TR-0/DP-70, (d) Fusion zone in
DP/MS-150, (e¢) DP980 HAZ to fusion
zone in DP/MS-150.

Scanning electron micrographs of the fusion and transition zones for TR/MS-70, TR/DP-70 and DP/MS-150
are shown in Figure 6.8. All micrographs are taken at a 1500X magnification. Comparison of the SEM

micrographs in the fusion zones, to the results presented by Cortez et al [20], indicates presence of both upper
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and lower bainite although the microstructure seems to be mostly martensitic in nature. This agrees with the
earlier statement about the presence of bainite found with color tint etching. The recrystallized grains near the

HAZ for both TRIP780 and DP980 appear to be less refined compared to the base metal.

These findings about the microstructure in the fusion zone being mostly martensitic agrees with the findings of
Rizzi et al [21] who conducted experiments on laser welding of TRIP, DP and martensitic steels and found the
microstructure to be mostly martensitic. Since the fusion zone is rich in alloying elements, the carbon
equivalent in DP steel is calculated as 0.59 wt% and 0.47 wt% in TRIP780 using the carbon equivalency
calculator [22]. Together with the high rate of cooling of 2000°K/Sec [23], it can be expected that the

microstructure would be nearly all martensite.

6.3.2 Microhardness

Microhardness values for the fusion and heat affected zones for TRIP/MS, DP/MS and TRIP/DP combinations
were evaluated using microhardness tester. The results for TRIP/MS, TRIP/DP and DP/MS combinations have

been reported in the literature [2, 24] and are shown in Figure 6.9.

Microhardness values for DP980 are lower in the outer edges of the heat affected zone, while the
microhardness values of mild steel seem to be higher in the heat affected zones. However, the microhardness
values of DP980 and TRIP780 as well as the fusion zones for all combinations are higher than the
microhardness values for mild steel. This is an important observation since microhardness values are directly
correlated to strength and is a good predictor on where the fracture can occur both in tensile tests and in plane-

strain formability tests.

The variation of microhardness values in the fusion zone is attributed to the presence of secondary

widmanstatten ferrite and upper and lower bainite structures.

6.3.3 Tensile Tests

The results of tensile tests are also reported earlier [2, 24] and summarized in Fig. 6.10. All joints with mild
steel (TR/MS and DP/MS) fractured in the mild steel region while the TR/DP samples all fractured in the
TRIP780 region. For joints with mild steel, there is very little difference in the tensile test results. For example,
the graphs for DP/MS-150, TR-0/MS-70 and TR-10/MS-70 can be seen to be identical. There is, however,
considerable difference in the maximum strain values before fracture between the graphs for TR-0/DP-70 and

TR-10/DP-70 with TR-0/DP showing significantly higher values of strain. The maximum stress values for
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these two, however, seems to be nearly the same. This suggests that the energy absorbed, and therefore the

toughness, of TR-10/DP is considerably lower than that for TR-0/DP.

MICROHARDNESS VALUES FOR TRIP, DP AND MS COMBINATIONS
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DISTANCE, MM
—#&—TR-0/MS-70 (TRIP ON LEFT) ~ —#-DP/MS-150 (DP ON LEFT) ~ —~@—TR-0/DP-70 (TRIP ON LEFT)

YELLOW = HEAT AFFECTED ZONE, RED = FUSION ZONE, NO COLOR = BASE METAL

Figure 6.9 Microhardness values for three combinations, TR-0/MS-70, DP/MS-150 and TR-0/MS-150. The
microhardness values for TR-5/MS-150 and TR-10/MS-150 are similar to TR-0/MS-70 and are not shown.
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900 —@— TRIP-0/DP STRESS 1 * STRAIN 1
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6.3.4 Formability Tests using OSUFT

Figure 6.10 Tensile test
results for TR-0/MS-
70, TR-0/DP-70 and
DP/MS-150 [Reference
24]

www.manharaa.com



94

Formability tests were run on multiple samples of TR-0/MS-70, TR-5/MS-70 and TR-0/MS-150 joints. Due to
shortage, only one sample of TR-10/MS-70 was run. All the samples fractured in the mild steel region with the
fracture running parallel to the weld. This agrees with the conclusion of Saunders and Wagoner [10] that when
plane strain tests are run perpendicular to the weld line, the stronger material constrains the weaker one and the

fracture occurs parallel to the weld line. Typical fracture exhibited by these sample combinations are shown in

Figure 6.11 (a).

When the first sample of DP/MS-70 using OSU procedure was tested, it was observed that the test stopped due
to fracture of DP material in the lock bead. A second sample resulted in the same condition. In order to
understand the issues, several DP base material samples were run, some by softening the radii around the lock
bead region by doubling up the samples. All but one of these samples fractured at the radius. One of the
samples fractured at the locking bead is shown in Figure 6.11 (b) and the sample that survived the test is shown
in Figure 6.11 (c). After these failures, simple bend tests were run on DP material and based on those, the lock
bead design was changed to a friendlier design as shown in Figure 6.12 (a) — (b), where (a) shows the design
before the major changes and (b) shows the design of the beads after the changes. However, even with these
changes, the fracture of DP980 in the lock beads could not be prevented and therefore further tests of TR/DP-
70, DP/MS-70 and DP/MS-150 were suspended.

Figure 6.11 Fractured samples from the OSU formability test: (a) A typical TR-0/MS-70 sample
with fracture above the weld line (b) Fracture of DP material in the lock bead before the test
could be concluded (c) A DP980 base material sample that went through the test without
fracture in the lock bead, indicating that reducing the stress in the lock bead would allow tests
to be successfully concluded.
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SCALE INDICATES 10 MMS
BETWEEN GRADUATIONS

Figure 6.12 Lock bead design (a) before modifications, and, (b) after
modifications. A scale is provided to indicate dimensions.

Since the microhardness values of the DP980 in the base material and in HAZ are higher than the base material
hardness in TRIP780 and MS in TR/DP and DP/MS combinations, it can be expected that fractures would
occur in the base metal region of TRIP780 in TR/DP combinations and MS region of DP/MS combinations.
Previous studies [25] have indicated that coatings such as galvanized zinc would result in considerable
dimensional variability as well as higher surface roughness on the top of the weld zones. For this reason, this
theory would be valid if there are no severe concavity issues or weld defects in the fusion zones, as these

would be detrimental to the strength of the joint.

The results of the formability tests for TR/MS joints are summarized in Table 6.3 and show the maximum load
and stroke experienced by the punch during the tests. Since only the two TR-0/MS joints have sample sizes of
more than 3, both average and standard deviation values are shown for them. Average values are shown for

TR-5/MS-70, while standard deviation values are not shown for TR-5/MS-70 as well as TR-10/MS-70.

The graphs of punch load versus punch displacement are shown for the above combinations in Figure 6.13. To
reduce the clutter, only the extreme values are shown for TR/MS-70 and TR/MS-150. The graph also includes
results of formability tests on DP/MS-70 before fracture in the lock bead region; since the lock bead area
fractures first, the data shown for DP/MS-70 should not be considered reliable. The TR/MS combinations seem
to be very close to each other with fairly small spread, although the two graphs of TR-5/MS-70 seem to vary
considerably from each other. Also, as can be seen, DP/MS-70 shows larger values of load as well as

displacement. This indicates that the DP material took most of the load during the test before fracturing in the

lock bead area.
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Table 6.3 Summary of formability test results

Maximum load, kN Maximum stroke, mm
Joint Individual Standard | Individual Standard
Average . Average .
values Deviation values Deviation
63.80 13.44
62.23 12.95
TR-0/MS-70 62.47 63.79 1.50 13.31 13.38 0.28
64.62 13.49
65.83 13.72
62.01 12.85
65.52 13.44
TR-0/MS-150 65.49 64.68 1.78 13.08 13.24 0.33
65.68 13.59
66.20 12.19
TR-5/MS-70 6124 63.72 N/A 12.83 12.51 N/A
TR-10/MS-70 62.41 N/A N/A 12.95 N/A N/A

PUNCH LOAD Vs STROKE
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— -TR-0/MS-70 (2) ——TR-0/MS-70 (5) =— =TR-5/MS-70 (1) ——TR-5/MS-70 (2) ——TR-10/MS-70
—DP/MS-70 (1) = =DP/MS-70 (2) = =TR-0/MS-150 (1) ——TR-0/MS-150 (4)

Figure 6.13 Punch load versus stroke for the combinations tested. For TR-0/MS-70 and
TR-0/MS-150, only the extreme lines are shown.
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Finally, a 2-sample t-test was run to determine if there is a difference in the average values of maximum loads
supported by TR-0/MS-70 versus TR-0/MS-150. Since the weld region is small, and, since in both cases the
microhardness values are significantly higher than the hardness in the base mild steel region, there is no reason
why the two should be different. This theory proves correct, since the t-test suggests that the null hypothesis,
that, the mean values for the maximum loads supported by TR-0/MS-70 and TR-0/MS-150 combinations are
equal, cannot be rejected since the P-value is 0.464. The estimate for the difference between the mean values is
0.88 kN, and the 95% confidence interval for this difference is (-3.75, 1.98). Tests were run on Minitab® 15

and the results are shown in Table 6.4.

Table 6.4 Two-sample t-test for TR/MS-70 vs TR/MS-150

N Mean StDev SE Mean
TR/MS-70 5 63.79 1.5 0.67
TR/MS-150 4 64.68 1.78 0.89

Null hypothesis: p (TR/MS-70) - p (TR/MS-150) =0

Alt. hypothesis: p (TR/MS-70) - p (TR/MS-150) # 0

Estimate for difference: -0.88

95% CI for difference: (-3.75, 1.98)

T-test of difference = 0 (vs not =): T-Value =-0.79 P-Value = 0.464

6.4 Conclusions

Detailed microstructural characterization of tailor welded blanks of advanced high strength steels followed by
results of microhardness, tensile and plane-strain formability tests have been presented. OSU formability test
was used to conduct plane strain tests with the loads being perpendicular to the weld line. Color tint etching
method, as well as scanning electron microscopy, were used to characterize the microstructures. Following are

the conclusions that can be drawn:

1. The microstructure in the fusion zones and parts of heat affected zones for TR/MS, TR/DP and
DP/MS combinations seem to consist of primarily martensite. However, presence of other
microstructures such as lower and upper bainite and widmanstatten ferrite were also detected.

2. Microhardness values were in the 450-600 Hv range, further substantiating the presence of martensite

in both fusion and heat affected zones.

www.manharaa.com




98

No fractures occurred in the fusion or heat affected zones during the tensile and formability tests,
suggesting that the high microhardness values in these regions adequately compensated for concavity,
dimensional variability and surface roughness on the top of the weld.

The mild steel region in the TR/MS joints fractured during the formability tests with the fracture
running parallel to the weld line. This agrees with the conclusion arrived at by Saunders and Wagoner
[10] that the weaker material in TWB's will fracture with the fracture line being parallel to the weld
line, when loads are applied perpendicular to the weld line during plane strain formability tests.

OSU formability test fixture needs to be modified to prevent fracture of high strength, low ductility
materials such as DP980 in the lock bead region.

Weld speed and power does not affect the results obtained during formability tests.
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CHAPTER 7. GENERAL CONCLUSIONS AND FUTURE WORK

Application of laser welding to tailor-welded blanks consisting of advanced high strength steels has a bright
future in the automotive industry. Although use of AHSS materials and laser welding process is predominantly
used in Europe, automobile manufacturers in USA are beginning to realize their advantages and are moving
towards use them in higher abundance. This work indicates that AHSS materials can be joined among
themselves and to mild steel successfully resulting in high quality welds. Microstructural analyses,
microhardness tests, tensile and fatigue tests amply support this conclusion. While coatings such as aluminum
and zinc do affect factors such as concavity, surface finish and hardness, laser welding seems to overcome

these shortcomings in several cases. Some of the significant conclusions are:

1. The fusion zones are generally free of defects such as cracks, porosity, voids and inclusions, and
exhibit microhardness values as high as 600 Hv. Some softening in high strength materials such as
DP980 materials are noted, and it can be expected that when DP980 is welded to DP980, fractures
would occur in these regions. However, when DP980 is joined to lower strength materials such as

TRIP780 and mild steel, the weaker substrate such as TRIP780 or mild steel would fracture.

2. There is evidence suggesting that the hardness of the fusion zone closer to the top of the surface is
higher than the hardness in the lower regions, since the rate of cooling in the upper regions would be

enhanced due to blowing of the shield gas.

3. Factors affecting the surface roughness and weld concavity are coatings and thickness differentials
between the samples being joined using laser welding. Thickness differential has been shown to result
in higher variability in weld concavity, which could become an important consideration in cases
where hardness (and therefore strength) of the joint is lower than that of the substrate materials being
joined. Thickness differential by itself may not contribute to higher surface roughness, but in
combinations with other coatings, it has been shown to result in higher surface roughness. Since
surface roughness has an impact on the fatigue strength of the joint, these factors need to be

considered carefully.
4.  Weld speeds calculated using a simple moving line source model based on a cylindrical channel
surrounded by an elliptical melt pool provided very good results. Calculated melting efficiencies

seemed to be in the 50 to 70% range.

5. TRIP780 steels laser welded to mild steel were tested successfully using Ohio State University plane

strain formability test with fracture occurring in the mild steel region away from the weld. Since the
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microhardness values of the weld zone and heat-affected zones would be higher than that in mild

steel, the fracture ran parallel to the weld line; this agrees with the observations of other researchers.

Since this area is still relatively new, many recommendations for future work based on the research presented

in this work can be offered and are summarized below.

1. Effects of laser welding of other AHSS materials: Although considerable investigative research work
has been carried out in laser welding of AHSS materials, not all AHSS materials have been researched
for the effect of laser welding on tensile strength, fatigue and dynamic impact tests which will
simulate crash performance. With the arrival of new steels such as TWIP steels, even more research
needs to be carried out to further improve passenger safety, fuel economy and other factors for the

customers.

2. Predictive models for laser welding process: Although a significant amount of work has been carried
out in modeling heat transfer characteristics for laser welding [1, 2], there is considerable room for
improving the predictive models for size of the fusion zone, rate of cooling, and other important
considerations. Further, using better models, the hardness, dendritic structure, residual stresses,
microstructure and the strength of the joint can be predicted, which will prove to be highly useful in

industry.

3. Use of finite element analysis to prove the applications in automobiles for tensile strength,
formability, fatigue and crash events: Currently, FEA is a critical tool used extensively in automotive
industry. These tools need to be developed further for predicting performance when AHSS materials
are laser welded and used in automobiles either as laser welded blanks or as separate components

joined together.

4. Differential cooling when using USIBOR as part of TWB: When USIBOR is used as a tailor welded
blank joined to other materials like mild steel, DP980 and TRIP780, use of hot forming process will
negatively affect the properties of these other materials. A well designed differential cooling process
will keep USIBOR's properties of very high strength and the ductility, high elongation and other
properties of the other materials in tact. This will save considerable cost during processing while

delivering high performance.
5. Auto-correlation and cross-correlation values for the surface roughness can be determined for various

cases involving different coatings and material thicknesses. Using these values, the weld cross

sections can be simulated using fast fourier transforms (FFT) and Monte Carlo methods. These
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simulations can then be used to statistically determine if the samples can survive tensile and fatigue
tests when the hardness values in the weld region would be comparable or significantly lower than the

hardness of materials that are being joined.

6. Methods to prevent softening in HAZ, concavity and other issues: While welding certain very high
strength steels such as DP980, the hardness drops in the outer regions of the heat affected zones.
When joining DP980 to DP980, such hardness drops occur in both HAZ regions. Additionally, severe
weld concavity can reduce the strength of the joints also. These may not present a problem if the
product can be designed around the properties of such joints, but the product can be further enhanced

by coming up with new methods to prevent such problems.

7. Animportant and interesting finding reported in Appendix B is that TRIP steels exhibit higher tensile
strengths in the transverse direction when compared to rolling direction. The toughness of TRIP780,
DP980 and mild steels were all, however, higher in the rolling direction when compared to transverse
directions. More research needs to be carried out to reveal the underlying phenomena behind these

findings.
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APPENDIX A. EFFECTS OF SURFACE COATINGS AND THICKNESS DIFFERENTIALS OF
MATERIALS BEING JOINED ON SURFACE ROUGHNESS

A.1 Introduction

During the investigation of geometric variability (Chapter 4), it was surmised that two factors affect the
roughness and waviness of the top surface of the laser welds: (a) Presence or absence of coatings, and, (b)
Difference in thicknesses of materials being joined. The presence of coatings such as aluminum (USIBOR) or
zinc through galvanized iron process (TRIP780) would tend to increase both the roughness and waviness of the
top surface. This is because during the welding process, the coatings would melt and get blown by the shield
gas and get redeposited on the top of the weld. A larger difference in the thicknesses of materials being joined
might not have an effect on surface roughness and waviness values but a confirmation of this using a

systematic experimentation would be useful.

A full factorial design of experiments (DOE) was carried out to find out the effect of these two factors

(coatings and thickness differentials) on the surface roughness and waviness values.

A.2 Materials and Methods

A 2-factor DOE was set-up with thickness differential (three levels) and coating (two levels: with and without)
as the two factors, and is shown in Table 1. The three levels of thickness differentials were 0.0 mm, 0.3 mm
and 0.8 mm. The combinations are designated R1C1 (Row 1, Column 1) through R2C3 (Row 2, Column 3).
Row 1 show sample combinations with coating while Row 2 show sample combinations without any coating.
Similarly, columns 1 through 3 show thickness differentials between materials being welded with values of 0,
0.3 and 0.8 mm respectively. USIBOR samples were 1.8 mm thick and had aluminum coating, TRIP780 was 1
mm thick and had zinc coating and DP980 (1.5 mm thick) and mild steel, MS (1 mm thick) had no coatings.
For R1C2 combination, USIBOR was ground on the bottom using a surface grinder with magnetic table to
achieve a 1.5 mm thick material;, however, this could not be ground further since doing so would move the
sample (and damage it) during the grinding operation. For this reason, TRIP780 material with zinc coating was
used for the R1C3 combination. For samples without coating (Row 2), 1.8 mm and 1 mm thick mild steel
samples as well as 1.5 mm thick DP980 material were used. Since one of the samples (1.5 mm thick USIBOR)
was ground on the bottom and another sample (TRIP780) had zinc coating instead of aluminum coating, these

can be considered as noise factors.

The edges on the sample combinations were prepared by using an EDM operation. After this, they were

mounted on the weld fixtures and were all welded using 3.8 kW power at 70 mm/sec speed. The top of the
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weld regions of weld samples were analyzed using the UBM roughness analyzer. 3 scans were recorded in the

middle of the welded region on the top of the weld in the direction of the weld. The scan lines were each 40

mm long and were spaced at 0.13 mm. The three scans for each combination were used as three replicates.

Response data was collected for surface roughness values (R,) and waviness (W¢) and analyzed.

Table A.1 Set-up of Design of Experiments

Thickness differential

0mm 0.3 mm 0.8 mm
% | 1.8 mm USIBOR welded | 1.8 mm USIBOR welded to [ 1.8 mm USIBOR welded to
"5 to 1.8 mm USIBOR 1.5 mm USIBOR 1.0 mm TRIP
g | © (R1C1) (R1C2) (R1C3)
S =
» £ | 1.8mmMSweldedto | 1.8 mm MSwelded to 1.5 | 1.8 mm MS welded to 1.0
3 1.8 mm MS mm DP980 mm MS
2 (R2C1) (R2€2) (R2C3)

A.3 Results and Discussion

2959 um

-497.6 um

20
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-

Figure A.1 Surface roughness profile for R1C1 combination (3 lines, each 40 mm long, spaced at
0.13 mm, measured on the top of the weld in the weld direction).

An example plot of surface roughness obtained for R1C1 combination is shown in Fig A.1. The three scans

shown are at 0.13 mm apart and are 40 mm long. Each of the horizontal line scans were analyzed for roughness

and waviness using DIN 4776 filter. The three scan values were considered as three replicates of the same

experiment and are summarized in Tables A.2. The main effects and interaction plots are shown in Figures A.2

(@) - (b).
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An examination of Figure A.2 indicates that both the roughness and waviness values of the surface on the top
of the welds will be significantly higher when samples with coatings are welded compared to when samples
without coating are welded. Also, with increasing thickness differentials, the roughness values have a tendency
decrease for samples with coatings while increasing for samples without coating. Interestingly, the waviness
values have a tendency to fall with increasing thickness differential. Also, the interaction plots suggest that

there is a strong interaction between the two factors, coating and thickness differential, for both roughness and

waviness.
Main Effects Plot for Roughness, Ra Interaction Plot for Roughness, Ra
Data Means Data Means
COATING (YES/NO) THICKNESS DIFF (0, 0.3, 0.8) 18 COATING
(YES/NO)
14+ 16 o 2
14
13+
c
g / E 12-
12 \/
10
114 8-
6- T T T
10 . . . . . 1 2 3
1 2 1 2 3 THICKNESS DIFF (0, 0.3, 0.8)
(a) (b)
Main Effects Plot for Waviness Wt Interaction Plot for Waviness Wt
Data Means Data Means
COATING (YES/NO) THICKNESS DIFF (0, 0.3, 0.8) 704 COATING
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Figure A.2 Main effects and interactions plots for Roughness [(a) and (b)] and Waviness [(¢) and (d)]
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The data for both roughness and waviness were analyzed using Minitab® version 15 (Paul Mathews, "Design
of Experiments with Minitab", Quality Press, 2005). As mentioned earlier, the three line-scan values for each
combination shown in Table 1.3 were used as three replicates. This is because, if the average values shown
Table A.2 are used for analysis considering the number of replicates as 1, the degrees of freedom (DF) for error

would be zero, and the analysis of variance cannot be carried out.

Table A.2 DOE Results - Roughness and Waviness values

Replicate Coating Thickness Roughness Waviness
P (Yes/No)! Difference? (Ra) (Wy)
1 1 1 16.97 70.15

3 1 1 18.24 64.09

2 1 2 13.79 38.88

1 1 3 12.15 40.16

3 1 3 8.79 38.95

2 2 1 6.73 20.63

1 2 2 12.84 69.48

3 2 2 5.65 28.9

2 2 3 14.58 34.33

!Coating: Yes=1, No=2. ’Thickness difference: 0Omm=1, 0.3mm=2, 0.8mm=3

Tables A.3 (a) and (b) show the results of the analysis of variance for roughness and waviness. The F-values
and the corresponding P-values indicate that, for o = 0.05, the null hypothesis that no effect is significant can

be rejected for the main effect of coating as well as the interaction effect between coating and thickness

differentials. However, such a null hypothesis cannot be rejected for the main effect of thickness differential,

L 2 ] & I
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and for this reason, only the coating and the coating - thickness differential interaction are the only significant

factors for variance.

Table A.4 (a) and (b) show similar results for the t-tests carried out for means. Analysis of the waviness data in
Table 1.5 (a) indicates that coating and the interaction are both statistically significant and the null hypothesis
for these can be rejected at o = 0.05. For roughness values, the interaction for (1,2) is not statistically
significant, but the null hypothesis can be rejected for (1,1), indicating that there is some evidence that the

mean values for this interaction is significant but not overwhelming.

TABLE A.3 (a) Analysis of Variance for Roughness, Ra, using Adjusted SS for Tests

Source DF SeqSS AdjSS AdjMS F P
Coating (Yes/No) 1 64.71 64.71 64.71 6.35 0.027
Thickness Difference (0, 0.3, 0.8) 2 352 352 176 0.17 0.843
Coating (Yes/No)*Thickness Diff (0, 0.3, 0.8) 2 179.2 179.2 89.6 88 0.004
Error 12 122.2 122.2 10.18

Total 17  369.7

$=3.19136 R-Sq=66.94% R-Sq(adj)=53.16%

TABLE A.3 (b) Analysis of Variance for Waviness Wt, using Adjusted SS for Tests

Source DF SeqSS AdjSS AdjMS F P
Coating (Yes/No) 1 808.4 808.4 808.4 6.43 0.026
Thickness Difference (0, 0.3, 0.8) 2 198.7 198.7 99.3 0.79 0.476
Coating (Yes/No)*Thickness Diff (0, 0.3, 0.8) 2 2309 2309 1155 9.19 0.004
Error 12 1508 1508 125.7

Total 17 4825

$S=11.2112 R-Sq=68.74% R-Sq(adj) = 55.71%

Table A.4 (a) Results of t-test for roughness data Table A.4 (b) Results of t-test for waviness data

Term Coef SE Coef T P Term Coef SE Coef T P
Constant 12.3783 0.7522 16.46 0 Constant 42.754 2.642 16.18 0
Coating (Yes/No) Coating (Yes/No)

1 1.8961 0.7522 2.52 0.027 1 6.702 2.642 2.54 0.026
Thickness difference Thickness difference
1 -0.105 1.064 -0.1 0.923 1 2.086 3.737 0.56 0.587
2 -0.482 1.064 -0.45  0.659 2 2.603 3.737 0.7 0.499
Coating (Yes/No*Thickness Difference) Coating (Yes/No*Thickness Difference)
1 1 3.371 1.064 3.17 0.008 1 1 15.695 3.737 4.2 0.001
1 2 0.847 1.064 0.8 0.441 1 2 -10.622 3.737 -2.84  0.015
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The residual plots for roughness and waviness are shown in Figures A.3 and A.4 respectively. This includes

the normal probability plots, plots of residuals against fits and the histograms. Both normal probability plot and

residuals versus plot indicate that there are a few outliers, but the data looks normal without any unusual

readings.
Residual Plots for ROUGHNESS
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Figure A.3 Residual Plots for Roughness

Regression analysis was used to compute the coefficients in the equation:
Roughness or Waviness = o + ;.A + ,.B + B;.AB (A.1)

Using the values of BX obtained from the regression analysis, the equations for roughness and waviness are

written as:
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Roughness R, =40.1 - 19.0*A - 11.0*B + 7.59*AB (A.2)
Waviness W, = 132 - 54.9*A - 34.5*B + 20.8*AB (A.3)
Residual Plots for WAVINESS
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Figure A.4 Residual Plots for Waviness

In the equations (1.2) and (1.3), the term A represents coating or no coating, B represents the thickness
differential and AB is the interaction term. It should be noted that the values of A and B are the coded values

shown under Table 1.3, whereas the coded values for the interaction term, AB, is obtained by multiplying the

coded values for A and B from the same table. These values along with the data, fitted and residual values are

shown in Table 1.6.
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Table A.5 Fits and residual values using regression procedure

Roughness Waviness

Coating | Thickness diff| Interaction
(A) (B) (AB)

1 1 1 16.97
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From the above results and discussion, the following conclusions can be drawn:

1. Presence or absence of coatings such as aluminum or zinc is a significant factor that affects both
roughness and waviness values.

2. Thickness differential between materials being joined does not seem to be a significant factor but
since it has a strong interaction with the existence or non-existence of coating, it cannot be ruled out
as being ineffective.

3. Plot of data in Fig. 1.2 suggests that, for smaller thickness differentials, the influence of coatings
seem to be greater and it seems to diminish with increasing thickness differentials. In the same way,
when coatings are absent, smaller thickness differentials seem to produce lower surface roughness;
the roughness values seem to increase with increasing thickness differential. This is attributed to

variability in the weld regions when materials with larger thickness differentials are welded together.
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APENDIX B. Effect of rolling direction on tensile strength of joints

B.1 Introduction

The effect of rolling direction on the maximum tensile strengths of DP980, TRIP780 and mild steel as well as
DP/MS and DP/TR joints are investigated further in this section. The objective is to study the effect of rolling
direction on the tensile strengths of these materials, as well as on the welded joints comprising of these
materials, and statistically prove (or disprove) that rolling direction has a significance in the maximum tensile

strengths.

B.2 Materials and Methods

Large sheets of three materials, TRIP780 (1.0 mm thick with galvanized zinc coating), DP980 (1.5 mm, cold
rolled only) and mild steel (0.7 mm, galvanized zinc coating) were specially provided by Arcelor Mittal for this
project. The sheets had been marked with rolling direction. Samples were cut along and perpendicular to the
rolling direction from the sheets. The edges of the samples were machined using EDM process. The samples
were then mounted on weld fixture and welded at 3.8 kW and 70 mm/sec speed. To reduce the number of
combinations, the welding was carried out with rolling directions for both samples in the same direction as the
tensile test samples (with this direction being perpendicular to the weld line) or with the rolling directions for
both samples being transverse to the direction of the tensile test samples (with this direction being parallel to

the weld line). The weld scheme is shown in Table B.1 and Figure B.1.

The welded samples were then removed and tensile samples were cut using EDM process. Since the EDM
process results in lesser variability compared to waterjet process, this process can be expected to yield more

accurate results. Dimensions of the tensile samples are shown in Figure B.2.

The tensile samples were tested in an Instron tester. 6 samples for each joint were tested. Before the tests were
run, the widths of the samples were measured and recorded. At the end of the test, the maximum loads carried
by the joints were recorded. Confirmation tests were run on regular TRIP-780, DP980 and MS tensile samples

cut along the rolling and transverse directions.
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Table B.1 Weld scheme for evaluating effect of rolling direction

Designation Material 1 Material 2
DP980 (weld line perpendicular to roll Mild Steel (weld line perpendicular to
DP/MS-R direction; tensile load direction is the roll direction; tensile load direction is the
same as roll direction) same as roll direction)
DP980 (weld line same as rolling Mild Steel (weld line same as rolling
DP/MS-X direction; roll direction is transverse to direction; roll direction is transverse to
direction of tensile load direction) direction of tensile load direction)
DP980 (weld line perpendicular to roll TRIP780 (weld line perpendicular to roll
DP/TR-R direction; tensile load direction is the direction; tensile load direction is the
same as roll direction) same as roll direction)
DP980 (weld line perpendicular to roll TRIP780 (weld line perpendicular to roll
DP/TR-R direction; tensile load direction is the direction; tensile load direction is the

same as roll direction)

same as roll direction)

DIR

ROLL

ROLL
DIR

WELD (FOR
JOINTS)

TRIP780
OR MS

ROLL
DIR

WELD (FOR
JOINTS)
>
TRIP780
COLL OR MS
DIR

(b)

Figure B.1 Roll directions for (a) DP/MS-R and DP/TR-R, (b) DP/MS-X and DP/TR-X.
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Figure B.2 Dimensions for tensile test samples. Note that the gage length for base materials remains at
50 mm.

B.3 Results and Discussion

B.3.1 Tensile test results for welded joints

All the DP/MS joints fractured in the mild steel region away from the weld and all the DP/TR samples
fractured in the TRIP780 region, also away from the weld, suggesting that the welds are excellent in quality.
Samples were measured carefully for widths and thickness values, but since the variability of thickness values
was negligible, the thickness was not taken into account. However, since there was some variability in the
widths of the tensile samples, the values of maximum tensile loads experienced by the joints were normalized
to 6.lmm width and are shown summarized in Table B.2. Since the values have been normalized, the

maximum tensile loads also represent the maximum tensile stress supported by the samples.

The results shown in Table B.2 were analyzed using Minitab® 15. The box plots and individual plots for the
rolling direction versus transverse direction for DP/MS and DP/TR are shown in Figure B.3. Both individual
value plot and box plot shown in Figure B.3 (a) and (b) indicate that DP/MS-R fractures at slightly higher
loads compared to DP/MS-X. However, it can be noticed that there is considerable overlap in the values as
shown in the individual value plots for DP/MS. On the other hand, Figure B.3 (c) and (d) indicate that DP/TR-
X fractures at higher loads compared to DP/TR-R. The individual value plots do not show any overlap between
roll direction versus cross direction and the boxplot clearly indicates that the steel is stronger in the transverse

direction. This contrast between the two is interesting since the cold working and hot working of steels reduce
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the ductility, impact and fatigue properties in the transverse direction (Steel castings handbook by Thomas

Stevens) and therefore it can be expected that both steels would be stronger in the transverse direction.

Table B.2 Maximum loads during tensile tests

DP/TR-R DP/TR-X
Maxload  Width Load (kN) Maxload  Width Load (kN)
(kN) (mm) normallz'ed for (kN) (mm) normahz.ed for
6.1 width 6.1 width
5.108 6.147 5.069 5.144 6.020 5.212
5.009 6.045 5.055 5.246 6.147 5.206
5.024 6.045 5.070 5.146 6.121 5.128
5.048 6.081 5.064 5.161 6.045 5.208
5.001 6.045 5.047 5.173 6.045 5.220
5.047 6.045 5.093 5.147 6.020 5.215
DP/MS-R DP/MS-X
Maxload  Width Load (k) Maxload  Width Load (M)
(kN) (mm) normahz.ed for (kN) (mm) normahz.ed for
6.1 width 6.1 width
1.385 6.020 1.403 1.388 6.121 1.383
1.389 6.020 1.407 1.386 6.121 1.381
1.385 6.020 1.403 1.387 6.121 1.382
1.392 6.020 1.410 1.385 6.071 1.392
1.385 6.096 1.386 1.386 6.096 1.387
1.392 6.096 1.393 1.390 6.121 1.385

Statistical t-tests were carried out to confirm or reject the null hypotheses that the maximum tensile loads for
DP/MS-R and DP/MS-X are the same, and, that the maximum tensile loads for DP/TR-R and DP/MS-X are the
same. Results of the t-tests are summarized in Table B.3. The P-value for DP/MS-R versus DP/MS-X is of the
order of 0.009, while the P-value is of the order of 0.000 for DP/TR-R versus DP/MS-X. This means that the
null hypothesis that the two means are equal can be rejected at a = 0.05 for both DP/MS-R versus DP/MS-X,
as well as DP/TR-R versus DP/TR-X combinations. As shown in Table B.3, the 95% confidence interval (CI)
for the difference in the mean values for DP/MS-R and DP/MS-X is around 0.015 suggesting that the mean
value for DP/MS-R is higher than the mean value for DP/MS-X. On the other hand, the difference in the mean

values for DP/TR-R versus DP/TR-X is -0.132, indicating that the mean for DP/TR-X is greater than that for
DP/TR-R.
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Individual Value Plot of DP/MS-R, DP/MS-X Boxplot of DP/MS-R, DP/MS-X
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Figure B.3 (a) Individual value plots for DP/MS-R Vs DP/MS-X (b) Boxplots for DP/MS-R Vs DP/MS-X
(c¢) Individual value plots for DP/TR-R Vs DP/TR-X (d) Boxplots for DP/TR-R Vs DP/TR-X

Table B.3 (a) Two-sample T for DP/MS-R vs DP/MS-X Table B.3 (b) Two-sample T for DP/TR-R vs DP/TR-X

N Mean StDev SE Mean N Mean StDev SE MEAN
DP/MS-R 6 1.4006 0.00933 0.0038 DP/TR-R 6 5.0661 0.0159 0.0065
DP/MS-X 6 1.38508 0.0038 0.0016 DP/TR-X 6 5.1983 0.0347 0.014

T-test of difference = 0 (vs not =): T-Value = 3.77 P-Value =0.009 T-test of difference = 0 (vs not =): T-Value = -8.50 P-Value = 0.0(

0 _ ~ ) _ -

Difference = M (DP/MS-R) - u (DP/MS-X) Difference = u (DP/TR-R) - u (DP/TR-X)
Estimate for difference: 0.01552 Estimate for difference: -0.1323

95% CI for difference: (0.00545, 0.02559) 95% CI for difference: (-0.1691, -0.0955)
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B.3.2 Tensile test results for TRIP780, DP980 and mild steel materials

Since DP/TR and DP/MS combinations exhibited different results, confirmation tests were run on TRIP780,
DP980 and MS material samples in both the direction of the roll and in the transverse directions. The goal was
to reproduce the results obtained for the mild steel fracture in DP/MS joint and TRIP780 fracture in DP/TR
joint, and to understand if the materials by themselves exhibit a different degree of difference for the two

directions.

6 samples each of TRIP780 and MS were tested with the tensile samples oriented in the rolling direction and
transverse direction. Only 3 samples of DP980 were tested for the two directions. TRIP780 samples oriented in
the rolling direction were designated TR-R while those oriented in the transverse direction were designated
TR-X; similarly, DP980 and mild steel samples were designated as DP-R, DP-X and MS-R, MS-X. All the
samples were nearly identical in the sample widths and had a value of 6.1 mm. For this reason, the need for

normalizing the data did not arise.
The maximum loads supported by the samples are all shown in Table B.4. The data suggests that TR-X values

are higher than TR-R values, while MS-X values are lower than MS-R values. A clear observation cannot be

made for DP980 samples.

Table B.4 Maximum loads during tensile tests

TR-R TR-X DP-R DP-X MS-R MS-X
5.037 5.265 9.758 9.714 1.457 1.416
5.025 5.265 9.711 9.711 1.456 1.415
5.048 5.291 9.586 9.732 1.455 1.417
5.064 5.280 1.469 1.418
5.063 5.274 1.456 1.419
5.061 5.271 1.459 1.414

The individual data plots and box plots of these values are shown in Figure B.4. The contrast in the differences
for rolling directions versus transverse directions for TRIP780 and MS seem sharper when compared to what
can be noted from Figure B.3. Figures B.4. (c) and (d) suggest that there may not be a difference between

rolling and transverse directions for DP980 material.
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Results of two-sample t-tests are shown in Table B.5. The data shows that hypothesis that the means of TR-R

and TR-X are the same can be rejected. The T-values are sharply higher when compared to the values obtained

for DP/TR-R versus DP/TR-X and shown in Table B.3. Similarly, the null hypothesis (means are the same) can
be rejected for MS-R and MS-X, and at higher T-values when compared to DP/MS-R and DP/MS-X T-values
in Table B.3. The P-value for DP-R versus DP-X seems to be high and thus the null hypothesis that the means

maximum loads for rolling versus transverse directions for DP980 material cannot be rejected.

Individual Value Plot of TR-R, TR-X
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Figure B.4 (a), (b) Individual value plots and boxplots for TR-R versus TR-X
(¢), (d) Individual value plots and boxplots for DP-R versus DP-X
(e), (f) Individual value plots and boxplots for MS-R versus MS-X
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Two-sample T for TR-R vs TR-X

N Mean StDev SE Mean
TR-R 6 5.0497 0.0160 0.0065
TR-X 6 5.27433 0.00995 0.0041
Difference = mu (TR-R) - mu (TR-X)
Estimate for difference: -0.22467
95% CI for difference: (-0.24242,-0.20691)
T-Test of difference = 0 (vs not =):

T-Value =-29.18 P-Value =0.000

Two-sample T for DP-R vs DP-X
N Mean StDev SE Mean

DP-R 3 9.6850 0.0889 0.051
DP-X 3 9.7190 0.0114 0.0066
Difference = mu (DP-R) - mu (DP-X)
Estimate for difference: -0.0340
95% CI for difference: (-0.2566, 0.1886)
T-Test of difference = 0 (vs not =):

T-Value = -0.66 P-Value=0.579

Two-sample T for MS-R vs MS-X

N Mean StDev SE Mean
MS-R 6 1.45867 0.00524 0.0021
MS-X 6 1.41650 0.00187 0.00076
Difference = mu (MS-R) - mu (MS-X)
Estimate for difference: 0.04217
95% CI for difference: (0.03661,0.04773)
T-Test of difference = 0 (vs not =):

T-Value=18.56 P-Value =0.000

Typical engineering stress versus strain graphs for rolling direction versus transverse direction for the three

materials are shown in Figure B.5 (a) — (c). As can be seen, in the case of TRIP780, the maximum stress is

larger in the transverse direction, while in the case of MS, the maximum stress is slightly higher in the

direction of rolling. Interestingly, the maximum strain before fracture is higher in the rolling direction when

compared to transverse direction for all three materials.
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The area under the stress-strain graph up to the yield point represents the resilience of the material while the
remaining area under the curve represents the toughness of the material. For the three materials, for the rolling
and transverse directions, the areas under the curves from the yield point to the fracture point were computed
and are presented in Table B.6. The data suggests that the toughness of all materials is greater in the rolling
direction, but the value of toughness in the rolling direction is significantly greater than in transverse direction

for DP980 material. These values agree well with what can be noted from Fig. B.5.

Table B.6 Comparison of toughness in rolling versus transverse directions

(MPa)
0 . .
Area under curve . ' Yo jbetter in rolling
(Toughness) Difference direction over transverse
e direction
TR-R 185.86
12.98 7.5%
TR-X 172.88
MS-R 120.29
9.17 8.3%
MS-X 111.12
DP-R 134.52
30.01 28.7%
DP-X 104.50

B.4 Conclusions

1. The results indicate that statistically there is a difference in the maximum loads (or maximum tensile
strengths) in the rolling versus transverse direction for TRIP780 and mild steel materials; however,
there is no difference in the maximum tensile strength of DP980 in the two directions.

2. DP980 seems to have significantly higher toughness in the rolling direction when compared to
transverse direction.

3. These differences, in turn, affect the performance of the joints, although the significance of the
differences get reduced due to other factors such as reduced gage length and the presence of fusion

and heat affected zones as well as the presence of other materials.
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APPENDIX C. DIODE-PUMPED Yb:YAG DISK LASER

The disk laser (A=1030 nm) used in this work is a brilliant combination of solid-state (disk) and semiconductor
(diode) lasers. The diode laser provides high pumping efficiency while the disk laser generates high beam
quality. The key benefits of disk laser compared to the traditional rod type are enhanced electrical efficiency
and beam quality. The higher beam quality allows higher energy densities, which in many applications
translate directly into faster processing speeds and/or higher precision for welding and cutting applications,
albeit at a higher initial system cost. For example, cutting 1-mm mild steel with the 1-kW disk laser was
accomplished at nearly twice the speed achieved by a conventional 1-kW Nd:YAG. The advantages of good

beam quality are summarized in Table C.1.

Table C.1 Comparison of disk laser to rod laser

Disk laser
. Rod laser
(good beam quality)
Characteristic Effect Comments Effect Comments
Spot si High d
p? 5|%e Small 's sPee Large High heat input

(with given focal length) welding
Focal length Farther from Higher mirror/lens/cover

. Long Short . .
(with given focal length) smoke/spatter slide maintenance
Depth of focus Large process Harder to find and maintain

. Large . Small
(with given focal length) window focus

TRUMPF has developed a disk pumping arrangement featuring a parabolic mirror system, a prism coupling
unit, homogenizer, a beam collimator, and diode pumping to produce a device that can be scaled to multi-
kilowatt levels at high efficiency and vastly improved beam quality. The specific disk laser used is continuous
wave type with 6 kW of power and a beam quality of 8 mm-mrad (TruDisk 6002) and is manufactured by
TRUMPE. By comparison, a traditional lamp-pumped Nd:YAG would deliver 4 kW to the workpiece with
beam quality of 25 mmemrad. Unlike rod types, the disk has no thermal lensing, resulting in absence of optical
distortion and keeping constant beam quality over the entire power range. Conventional Nd:YAG rod
dissipates heat through its cylindrical surface, which is perpendicular to the axis of the laser beam, creating
thermal gradients and subsequently thermal lensing. In contrast, the disk dissipates the heat parallel to the axis
of the laser beam, resulting in uniform temperature over the disk surface and hence no thermal lensing. Large
working distances and narrow focusing optics can thus be realized. Because the disk laser is not sensitive to
back reflection, these lasers allow longer fiber lengths for beam delivery and thereby remote welding. In

addition, highly reflecting materials such as copper can be processed.
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Yb:YAG is the most widely used material for thin-disk lasers because of its long radiative lifetime (~950 ps),
its high thermal conductivity (~6 W/m K for typical doping concentrations) and its good mechanical
properties. The highest output power demonstrated so far from a single disk is 5.3 kW. The most powerful
commercial unit on the market is currently the Trumpf model TruDisk 8002, which puts four disks in a single

resonator to generate 8 kW with an M2 beam quality of 24.

Figure C.1 For efficient absorption, the pump light is reflected through the thin disk multiple times.

Figure C.1 shows a thin-disk design that employs gain media (10% ytterbium content YAG) with a thickness
less than 0.2 mm thick and a diameter between 10 and 20 mm, depending on the desired power level. The disks
are antireflection-coated for the pumping and lasing wavelengths at the front side and coated for high-
reflectivity at both wavelengths on the back. The crystal is mounted on a heat sink and cooled from behind, so
that the thermal gradient is nearly perfectly orthogonal to the surface. Thus, thermal lensing is minimal. But
because only a small amount of pump light is absorbed by the thin, face-pumped disk, the pump light must be
bounced back and forth through the disk numerous times. In practice, a parabolic mirror and deflecting prisms
guide as many as 32 passes through the disk. A simple laser resonator can be formed between the highly
reflecting back surface of the disk and an output-coupling mirror, or a more sophisticated resonator can employ

additional optics to enhance spatial overlap between the pump light and the intracavity mode.

On the welding front, disk laser technology offers several benefits:

1. It allows precision welding of smaller welds with less heat input.
2. In aluminum welding, the system reaches threshold intensity with lower power.
3. The ability to use longer-focal-length optics, particularly scanning optics, which can provide precision

beam motion at extremely high speeds, especially in remote welding of complex parts without moving

them mechanically.
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Figure C.2 Operating costs of lasers for a three-shift welding production process over a period of eight
years [Reference 2]
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Figure C.3 Absorption energy spectrum of different materials

4. The use of more compact welding optics can be beneficial when welding must take place in confined
or difficult-to-reach spaces.
5. Itis superior to the recently developed fiber laser as the operating costs are lower (Figure C.2).
6. It has improved energy absorption compared to the traditional Nd:YAG and CO?2 lasers (Figure C.3).
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