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Abstract

In the present work, welding procedures for friction stir welding (FSW) of aluminum alloys were collected from
published and unpublished welding procedures, permitting analysis with a diverse collection of alloys, material
thickness, tool designs and machine parameters. Broad trends were observed with respect to tool design and flow
stress in the weld zone. The data also gave insight into diversions from broad trends brought about by certain
conditions.

Spindle torque is a key variable in FSW since it is directly related to heat generation. The compiled data set
permitted analysis of spindle torque from a wide variety of welding conditions. To compare heat generation from
diverse welding procedures, the torque data and welding tool geometries were used to calculate the average contact
shear stress during welding, which was plotted against the average surface velocity of the tool surfaces. The results
gave insight into the effects of welding speed, rotational speed and alloy on the average flow stress. The results also
suggested evidence of the exhaustion of heat generation at high tool surface velocities and a possible effect of initial
workpiece temper on conditions during welding.

Introduction

FSW has been a topic of research for nearly three decades, and a sizable body of work has been published. Most
research has been focused on specific materials, alloys, workpiece thickness, etc., limiting each scope simply as a
practical consideration. One exception has been the work by Reynolds, et al., which analyzed welds from a wide
spectrum of welding conditions in the aluminum (Al) alloys of 2195, 2524, 7050 and others [1, 2, 4-6, 22, 30, in the
data set references], all of which included spindle torque measurements. The present work sought to collect data
from many published works to examine broad trends, restricting focus only to conventional FSW in aluminum alloys.
This data, combined with unpublished experimental procedures, gave insight into welding tool design and heat input
analysis.

As the FSW process has emerged from laboratory settings into many applications for industrial production, there
currently is an emerging need for basic guidance for the development of welding procedures in new material-
thickness combinations and joint configurations. The basic information needed as a starting point for developing a
welding procedure includes the general welding tool description, such as shoulder diameter and probe diameter, and
the key machine parameters, of forge force, travel speed and spindle speed. Often, the best course is to find a
welding procedure in a similar material-thickness, then adapt it to the present task. The collected data presented
here offers many welding procedures for a variety of materials. The data was analyzed to establish relationships for
welding tool geometry based on workpiece thickness, without regard to alloy, as a rational starting point for procedure
development.

Heat generation is an important parameter in any welding process, as it relates to the effect of welding on the
materials being joined, to the productivity of the process and to the energy cost in commercial welding operations. It
is also an indicator of the conditions present during welding. FSW is a fully coupled thermomechanical process,
meaning that the material response develops a self-referential balance: heat dissipation preconditions the workpiece
material, setting the stage for heat generation in the weld, which then dissipates into the surrounding material. This
balance is responsible for the inherent stability of the FSW process. This also means that the heat input is
determined by the interaction between the welding tool and the workpiece, and is a response from the process, not a
prescribed input to the process. As such, heat generation is an important indicator of what is happening during
welding, with the proper analysis.

Researchers have developed various approaches to expressing heat generation in FSW, often as input to models for
predicting temperature distribution during welding. The earliest approaches represented the heat as coming from the
shoulder only, assuming a circular heat source on the plate surface to calculate heat input from an assumed friction
coefficient or based on the workpiece shear flow stress, acting on the shoulder area [1-5]. Analysis of the contact
conditions between the tool and matrix followed [6-14], leading to the conclusion that heat generation could be best
represented as being based on the shear flow stress acting on all tool surfaces. In 2002, an important analytical step

ISFSWP 2022, 28-30 September 2022, Luneburg, Germany 1



was made by relating the spindle torque to the shear flow stress of the matrix, assuming a uniform average flow
stress distributed over the tool surfaces [9-10]. This work was followed by several studies which modelled heat input
based on experimentally measured torque in a variety of aluminum alloys [1, 2, 4-6, 22, 30, in the data set
references], included in the present data set.

A detailed analysis was developed by Schmidt, et al., [11] to rationalize the tool/matrix contact shear stress value
based on different categories of contact conditions, including sticking, sliding, and mixed sticking/sliding. In the case
of sliding, the defined condition is one of relative motion between the tool and the workpiece with the workpiece not
sufficiently stressed to cause deformation. The case of sticking was defined such that there was seizure between the
tool and the workpiece, resulting in matrix deformation at the local velocity of the tool at the contact interface, with
decaying velocity moving away from the interface. Finally, the case of mixed sticking/sliding was defined such that
the matrix material is deforming at the contact interface at a speed that was less than the local tool velocity and was
thus sliding relative to the tool but was deforming, nonetheless. In these latter two cases, the contact stress was
rationalized to be equal to the shear flow stress of the matrix — the difference between the two cases being the
velocity of the matrix at the contact interface.

According to Schmidt, et al. [8], the contact conditions in FSW of aluminum generate plastic deformation over most of
the tool surfaces, except for a small region at the periphery of the shoulder, where frictional heating generates very
close to the same heat as the sticking condition. These conclusions confirm the assumption made in the input torque
model approach, that the spindle torque results from contact shear flow stress that is uniformly distributed over the
tool. This is the approach taken for analysis of spindle torque and welding tool geometry data from the data set.

Data Set

Data was collected from published and unpublished sources [1-35, in welding procedure references]. All welding
procedures represented conditions that produced void free welds, many of which were not optimized to any criteria.
All procedures were for aluminum alloys welded using conventional, single-sided FSW. A total of 172 procedures,
representing 20 different alloys in various tempers, were included, 135 of which included spindle torque data.

Analytic Approach

Welding Tool Design Analysis

DuBourg and Dacheux [13] collected welding procedure data and developed a least-squares fit of shoulder and probe
diameters as a function of workpiece thickness as a means of estimating values for basic welding tool dimensions.
Their data, summarizing 29 welding procedures, was extracted from the literature and combined with welding tools
from the current data set, this added another 52 welding procedures. The data was reduced to include only true
experimental runs, avoiding bias from groups of procedures made at different welding parameters using a single tool
design. For frustum-shaped probes the maximum diameter was used, since that parameter is most related to the
workpiece thickness, compared to the minimum diameter. Least-squares fits to the data were then calculated,
covering a much wider range of workpiece thickness.

Spindle Torque Analysis

In this analysis the tool-workpiece interface is represented as consisting of a shoulder and probe, without reentrant
features, such as probe threads or flats, or shoulder scrolls. The shear yield stress is calculated by dividing the
measured spindle torque by the surface integral of the radius,

T T
J, rda  9eo

Tyield =

(1

where T is the spindle torque and S is the total surface of the tool, including the shoulder, the probe sides and the
probe end. The surface integral is referred to as “geo”, since it comprises the geometry of the welding tool. To derive
geo, an assumption was made of a concave or flat shoulder, a frustrum or cylindrical probe and a flat probe tip. The
incremental areas for each region of the tool surface are,
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probe side incremental area = —— dzd6
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probe tip incremental area = r drd6
where,

a = shoulder concavity angle

B = frustum probe half angle

S = shoulder radius

Pr = probe root radius

Pr = probe tip radius

r = dimension in radial direction

z = dimension along probe axis

t = workpiece thickness, or probe length
6 = anglular position

The radius dimension to the probe side is related to the coordinate along the probe axis, z, using the expression r =
(P — ztan B). Then, substituting the expressions of incremental area (2) for each region of the tool,
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For cylindrical probes, P; is set equal to Pg, and £Zis set to zero, for flat shoulders, «a is set to zero. Performing the
integrations yields,

2r[S® = Pe®  t((Pr+Pr)> —PePr)
=— 4
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Combining equations (1) and (4),
T
Tvi =
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Finally, the normal flow stress is calculated from the shear flow stress using the von Mises yield criterion,
Oyield = Tyield‘/§ (6)

Equations (5) and (6) were used to calculate the flow stress for each welding procedure in the data set that included
torque data, enabling study of flow stress variation as a function of average surface velocity for many different
conditions, as will be presented in the following section.

Representation of the surface velocity has taken various forms in the literature, including surface velocities developed
from the radius of the probe or the shoulder. Long, et al. [14] examined spindle torque as a function of tool rotation
speed, which sufficed for evaluation of torque from a single welding tool design. Since the present study regarded
torque measurements from a wide variety of welding tool geometries, it was necessary to develop a basis for
comparison that comprised the essential tool features.

In the present study, an area-based average surface velocity was expressed as the velocity of an increment of area,
integrated over the area, and divided by the total area. Imagine a function of surface velocity plotted against surface
area,
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The average of this function is given by,
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Average surface velocity = wr =

The double integral in the numerator is equal to geo, from equation (4), so,

geo

8)

= wn—
total area

resulting in,
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Results and Discussion

Welding Tool Design Analysis

The data from Dubourg [13], combined with the current data set, was least-squares fit to workpiece thickness, as
shown in Figure 1. For workpiece thickness below about 10 mm, the linear fit of the combined data fits closely the
relationship reported by Dubourg (shoulder m=2.26, b=6.99; probe m=0.92, b=1.65). Considering the expanded
range of thickness, the data suggests a bi-linear relationship, where the shoulder diameter is a strong function of
workpiece thickness below about 10 mm thickness, then becomes less sensitive as thickness increases. Probe
diameter showed a similar trend but was an even weaker function of thickness above about 10 mm. These
relationships may be used to calculate tool dimensions for initial welding trials when developing a welding procedure
for a new workpiece thickness.

Spindle Torque Analysis

The flow stress, according to equations (5) and (6), was plotted as a function of average surface velocity from
equation (9), as shown in Figure 2. The data suggests a bi-linear relationship. This relationship was reported by
Long, et al. [14], based on welds made with variable spindle speed in aluminum 2219, 5083 and 7050. In that case,
welds were made in three alloys with continuously increasing spindle speed. Flow stress was calculated using the

ISFSWP 2022, 28-30 September 2022, Luneburg, Germany 4



input torque method, as was done in the present study, then plotted as a function of spindle speed. Spindle speed is
equivalent to surface velocity for a group of welds made with an identical welding tool geometry. Similarly, a bi-linear
relationship between peak temperature and spindle speed was reported by Sato, et al. [15], in alloy 6063 aluminum.
In both cases, a grain size plateau was reported at about the same rotational speed as a distinct flattening of the
torque curve and the maximum temperature curve, respectively. Further increase in rotation speed gave diminished
increase in grain size and peak temperature, with diminished decrease in torque. In these studies, the plateau in
grain size was an artifact of having reached a plateau of peak temperature since the grain growth was consistent with
static recrystallization from a peak temperature. These results suggests a depletion of heat generation capacity as
rotational speed is increased. The results presented in Figure 2 suggest that this phenomenon may be present in
many aluminum alloys during FSW. Note that two welding procedures in 7075 aluminum were excluded from the
least squares calculation for reasons given below.

Details from specific alloys provide further insight. Average flow stress data for Al alloy 5456-H116, 5083-H131 and
5083-0 plates are presented as a function of average surface velocity in Figure 3. The 5456 welds were made as
part of a study that produced welds with pre-rotation defects [16]. Resolution of the defects involved reducing the
shoulder diameter, from about 35.6 mm to 30.5 mm. Five travel speeds and two rotational speeds were used for
each tool. As can be seen in the figure, travel speed had the effect of increasing the flow stress, while increasing the
spindle speed had the effect of decreasing the flow stress. These effects have been noted elsewhere [14, 17, 18]. A
similar trend was discernable in the 7050 data, presented below. It is also notable that the welds in 5083-O made at
low surface velocity had lower flow stress than the other 5XXX alloy welds, suggesting a lingering effect of the initial
material condition, which was less pronounced at higher surface velocity. Procedures in 7050 and 7075 O temper did
not exhibit this temper effect. The range of average surface velocity in the test data was insufficient to demonstrate a
certain concordance with heat-treatable alloys at high surface velocity.

Flow stress data from welds made in 2524-T351 are presented in Figure 4. Here, there was close agreement with a
bi-linear characterization. It is interesting that the slopes of the bi-linear characterization and the intersection of the
trends differ significantly from the all-alloy average behavior. No explanation is given for this result.

Flow stress data for Al alloy 7050 are presented in Figure 5. The current data set for Al alloy 7050 was extracted
from work at the University of South Carolina [2, 4-6, 22, data set references], except for a single welding procedure
in 39.4 thickness material, indicated in the figure [34, data set references]. In the current analysis, alloy 7050 welding
procedures indicated a crossing point in the linear trends at a surface velocity of 0.21 m/s, compared to Long’s result,
0.19 m/s, from three alloys.

Two outliers in the 7050 data are notable. One outlier was from a weld in 32 mm thickness that exhibited low flow
stress. Apparently the high thickness alone was not responsible for the low flow stress, since the weld in 39.4 mm
material agreed with welds in thinner material. It is notable that the weld in 32 mm material was made at a lower
travel speed, 0.9 mm/s, compared to 1.3 mm/s in the 39.4 mm material. The lower flow stress would be consistent
with lower travel speed, as discussed above, but the size of the effect is greater than observed in thinner materials. A
second outlier came from a pair of welds made in 7075-T6 material at very high travel speed, 8.5 mm/s. The size of
the effect of travel speed was much higher than that observed in 5456 aluminum, likely because the travel speed was
so much higher. These high travel speed welds may represent conditions where material flow is contributed to by
forcible extrusion around the probe. Further research into flow stress variation with travel speed is needed.

It was tempting to surmise from the general trend of the data in Figure 2 that there may have been a continuous
inverse relationship between flow stress and surface velocity. However, examination of the details from Al alloys
such as 2524 and 7050, combined with published results from Long and Sato mentioned above, suggest that some
step-change occurs, producing a discontinuous relationship. Further research is needed to explore this in detail for
different aluminum alloys.

Conclusions

Welding procedures from published and unpublished sources were collected and analyzed to extract useful trends in
the data. Linear fitting of the data yielded expressions to estimate shoulder and probe diameter as a function of
thickness for aluminum workpieces up to 40 mm thickness, represented as a bi-linear relationship with respect to
thickness. These results are useful as starting points for developing a welding tool design for a particular workpiece
thickness.

Analysis of torque from the data set gave insight into the response of various alloys to the conditions of welding.
When plotted against average tool surface velocity, a bi-linear relationship, apparently unrelated to the bi-linear
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correlation between tool dimensions and workpiece thickness, was observed. Average flow stress values of 20 MPa
to 60 MPa were most common. The results confirm observations from other researchers, with a more extensive data
set than existed previously, and suggest further research into the depletion of heat generation at elevated surface
velocities and the effect of travel speed on flow stress during welding.

The results suggest control strategies for closed-loop welding control systems. For example, it may be reasonable
for a controller to limit the rotational speed to a level where an average surface velocity of 0.3 m/s is reached, since
further increase in rotational speed yields limited additional heat generation. Further, the welding controller may
command a welding speed increase or rotational speed decrease if the spindle torque drops to a point where the
minimum flow stress for a specific alloy is reached. Such a drop in torque may result from a change in boundary
conditions, such as from welding past some change in workpiece geometry, for example.
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Table 1. Welding procedures included in the data set.

Alloy and Shoulder Probe Thread | Workpiece Forge Rotational Travel Tilt Long. | Trans. Spindle Ref
Temper Diameter Diameter Pitch Thickness Force Speed Speed | Angle | Force Force Torque :
mm RS i mm/th mm kN rev/min mm/s deg kN kN N-m
mm mm
1050-H14 20.00 5.69 5.69 5.99 400 1.0 ns 18
1050 12.00 5.00 5.00 8.00 1500 1.3 2 31
1100-0 19.05 6.35 6.35 6.35 1200 9.7 ns 26
7.01 2.49 249 0.99 2200 5.8 ns 27
62 390 3.3 78.2
2024-T3 25.00 10.00 | 10.00 1.25 8.10 58 240 24 25 108.9 2
53 240 1.3 100.3
23.01 8.20 8.20 7.01 360 3.3 ns 30
6.40 2.01 2.01 0.51 1900 25 1 7
2024-T4 6.40 2.39 2.39 0.99 1900 1.7 1 8
2095 10.01 3.81 3.81 1.63 750 4.2 ns 1"
44.0 390 3.3 69.5
10.00 | 10.00 40.0 240 24 113.8
36.0 240 1.3 97.2
44.0 390 3.3 68.7
25.00 8.00 8.00 40.0 240 24 107.9
36.0 240 1.3 91.8
44.0 390 3.3 711
2195-T8 12.00 | 12.00 1.25 8.10 40.0 240 24 25 122.2 2
36.0 240 1.3 105.0
44.0 390 3.3 574
20.00 10.00 | 10.00 40.0 240 24 88.3
36.0 240 1.3 75.8
44.0 390 3.3 75.5
30.00 10.00 | 10.00 40.0 240 24 128.9
36.0 240 1.3 107.1
49.0 1.7 10.3 6.6 346.6
54.4 1.9 12.6 6.5 356.9
2195-T8P4 35.56 14.73 | 10.24 1.41 18.67 597 207 21 0 145 73 367 4 3
69.7 25 17.9 7.3 397.2
30.48 15.24 8.89 25.98 39.9 215 1.7 0 8.6 13.0 359.5
30.48 15.24 8.89 25.98 36.1 250 1.7 0 11.3 7.7 302.8 34
41.91 19.05 | 10.46 40.72 49.5 170 1.3 0 17.0 11.9 668.4
36.6 170 1.5 10.3 9.4 376.9
44.7 1.7 14.6 9.6 410.8
2195-BT [20] 35.56 19.05 8.89 1.41 2497 24.8 150 15 0 10 94 2352 3
44.6 1.7 12.9 11.1 440.7
62.4 1.1 14.9 10.0 745.7
41.91 22.23 9.37 39.62 725 130 1.4 0 19.4 13.8 805.4 3
76.4 1.6 245 16.0 825.7
2519-187 32.26 19.05 | 19.05 25.40 45.2 220 1.7 0 17.5 13.3 380.8 3
150 2.1 126.0
200 2.1 97.0
300 2.1 66.0
480 2.10 41.0
600 2.10 33.0
2524-T351 20.30 7.10 7.10 0.79 6.40 423 800 211 25 280 5
300 1.27 56.5
300 2.1 66.0
300 3.38 66.0
300 4.23 69.0

ns — not specified, probe diameters are for cylindrical or frustum probe shapes
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Table 1 (cont’d). Welding procedures included in the data set.

Alloy and Shoulder F’robe Th!'ead Wo_rkpiece Forge Rotational Travel Tilt Long. Trans. Spindle Ref
Temper Diameter Diameter Pitch Thickness Force Speed Speed Angle | Force Force Torque :
mm max, min, mm/th mm kN rev/min mm/s deg kN kN N-m
mm mm
16.7
25.0
9.00 33.3
5052-0 3.00 3.00 2.00 4000 16.7 ns 11
16.7
12.00 16.7
15.00 16.7
5083 20.00 6.00 6.00 6.00 800 1.0 2 19
5083-H116 21.59 9.53 6.35 1.27 6.60 39.59 590 10.6 0 3
34.00 250 2.1 0 6.0 9.0 336.0
44.00 250 2.1 0 11.0 11.0 359.0
41.91 15.24 8.89 1.40 25.40 57.00 250 2.1 0 5.0 16.0 374.0 33
5083-H131 41.00 250 1.6 0 9.0 9.0 323.0
48.00 333 2.1 0 11.0 10.0 298.0
30.48 19.05 8.89 1.41 25.40 34.03 240 2.1 0 201 18.0 301.0 3
44.00 390 3.3 76.0
5083-0 25.00 10.00 10.00 1.25 8.10 40.00 240 2.4 25 104.3 2
36.00 240 1.3 91.0
5454-H22 14.99 3.51 3.51 3.51 6.5 1,500 3.3 ns 16
47.7 2.1 14.4 8.5 301.0
44.8 2.4 15.0 121 306.4
55.9 264 27 19.4 9.7 330.8
58.0 3.0 21.6 10.9 341.7
61.1 3.3 23.6 121 351.2
35.56 427 2.1 12.5 7.7 263.0
43.6 2.4 16.8 8.7 265.8
41.9 310 27 18.2 9.5 276.6
49.2 3.0 24.3 9.4 286.1
58.5 3.3 28.5 10.4 303.7
5456-H116 17.30 9.68 1.41 19.00 28.0 21 0 71 93 2102 3
30.3 2.4 8.3 10.9 218.3
33.0 264 27 10.2 13.3 226.4
34.6 3.0 111 15.8 234.6
39.4 3.3 131 18.0 246.8
30.48 26.0 2.1 5.9 12.8 179.0
28.0 2.4 75 14.8 184.4
28.2 310 2.7 9.2 17.7 187.1
33.9 3.0 12.2 17.7 199.3
35.1 3.3 14.4 19.3 203.4
6N01-T6 25.00 14.00 14.00 12.00 315 2.1 ns 32
6005A-T6 20.00 7.01 7.01 6.00 1,000 16.7 ns 20
6013-T7 28.45 14.48 14.48 13.00 29.0 225 2.1 0 3
14.00 3.51 3.51 4.00 1,600 5.7 3 13
19.05 6.35 6.35 6.35 1,540 3.6 3 21
14.70 5.33 5.33 3.05 12.0 1,500 20.8 1 13
6061-6 29.0 390 3.3 87.3
25.00 10.00 10.00 1.25 8.10 27.0 240 2.4 25 118.4 2
22.0 240 1.3 110.7
13.00 4.00 4.00 4.00 1,600 6.7 ns 17
21.59 9.53 6.35 1.27 6.60 21.3 800 12.7 0 3
52.6 420 3.4 21.4 14.0 579.0
6061-T651 54.8 420 4.2 18.5 15.6 523.4
52.9 390 3.4 15.8 16.0 500.3
38.10 19.05 19.05 38.10 58.0 390 22 0 214 2.0 579.0 36
55.1 420 3.8 18.5 15.6 523.4
50.7 420 3.4 15.8 16.0 500.3
15.01 6.00 6.00 6.00 2,000 16.7 ns 23
20.00 8.00 8.00 6.00 13.0 600 5.4 1.5 24
6082-T6 13.00 5.00 5.00 6.00 1,900 1.7 25
75.00 36.00 75.00 230 0.7 2 35
21.59 9.53 6.35 1.27 5.84 18.5 800 12.7 0 3
ns — not specified, probe diameters are for cylindrical or frustum probe shapes
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Table 1 (cont’d). Welding procedures included in the data set.

Alloy and Shoulder Probe Thread Workpiece Forge Rotational Travel Tilt Long. Trans. Spindle Ref
Temper Diameter Diameter Pitch Thickness Force Speed Speed Angle | Force Force Torque :
mm iz i mm/th mm kN rev/min mm/s deg kN kN N-m
mm mm
7050 41.91 19.05 | 10.46 1.41 39.37 69.7 150 1.3 0 80.1 34
58.0 390 3.3 773
25.00 8.10 49.0 240 24 107.3
oo 10.00 | 10.00 1.25 42.0 240 13 1004
60.0 240 24 149.3
7050-T6 28.00 9.50 60.0 240 24 150.3
7050-0 60.0 240 24 25 150.6 2
24.0 180 1.3 84.8
23.0 240 1.7 70.3
7050-T7 20.00 7.20 7.20 0.91 6.40 31.0 360 25 49.7
36.0 540 3.8 43.7
37.0 720 5.1 37.2
35.60 18.47 9.70 1.75 32.00 59.0 150 0.85 1 338.0 4,6
89 0.85 106.3 4,22
184 0.85 72.2
181 1.27 80.1
182 1.69 83.9
243 1.69 64.3
364 1.69 50.3 4
272 2.54 72.6
363 2.54 52.6
408 3.81 54.7
544 3.81 42.1
816 3.81 30.0
28.9 90 0.9 106.1
30 135 1.3 86.2
27.8 180 1.7 86.5
'Z?fg‘_l 20.3 7.10 7.10 0.85 6.35 37.8 270 25 25 76.5
37.8 315 3.0 60.6
45.6 405 3.8 56.4
24.5 180 1.3 80.6
245 240 1.7 66.0
30 360 25 53.9 22
41 540 3.8 43.1
37.8 720 5.1 37.0
20 180 0.9 74.3
22 270 1.3 57.3
24 360 1.7 51.5
33.5 540 25 38.9
36 630 3.0 33.2
39 810 3.8 30.7
36.5 900 4.2 26.1
23.88 7.87 7.87 6.35 350 1.7 ns 28
7075 18.54 7.90 7.90 0.98 241 0.4 360 2.7 0 59.7 3
10.00 3.00 3.00 2.01 1,500 33.3 ns 12
10.21 4.76 4.38 1.30 8.4 16.0
10.21 4.76 4.55 179 3.20 9.6 750 86 0 22.0 14
19.05 6.35 6.35 6.35 200 1.7 ns 29
707576 53.0 390 33 76.0
25.00 10.00 | 10.00 1.25 8.10 47.0 240 24 111.9
42.0 240 1.3 25 104.5 2
28.00 10.00 | 10.00 1.25 9.50 60.0 240 24 ’ 146.2
7075-T7 28.00 10.00 | 10.00 1.25 9.50 60.0 240 24 149.3
7075-0 28.00 10.00 | 10.00 1.25 9.50 60.0 240 24 147.6
7449-TAF 13.00 5.00 5.00 3.20 900 5.0 ns 15

ns — not specified, probe diameters are for cylindricai or frustum probe shapes
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Figure 2. Flow stress as a function of average surface speed, all alloys.
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o v=0.003m/s

® v=0.0033m/s
—Linear trends, all alloys

5456-H116, 30.5 mm shoulder dia.

0.3
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Figure 3. Flow stress for 5456-H116 and 5083-0, -H131.
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Figure 4. Flow stress for 2524-T351.
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Figure 5. Flow stress for 7050-0, -T7and -T7451 with 7075-0, -T6 and -T7, for comparison.
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