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Assessment of geometries for determining
strengths of thermoplastic vibration welds

V. K. STOKES
GE Corporate Research and Development Schenectady, New York 12301
E-mail: stokes@crd. ge.com

The effects of weld geometry on the weld strength of thermoplastic resins, as determined
by tests on vibration welds of bisphenol-A polycarbonate and poly(butylene terephthalate),
are evaluated by tests on three weld geometries: butt welds, butt welds between
specimens of different thicknesses, and T-welds. It is shown that only butt welds provide a
true measure of the inherent weldability of resins. © 2000 Kluwer Academic Publishers

1. Introduction “secondary operations”™—are normally an afterthought
The growing importance of the welding of thermoplas-to the part design process. Designing joints after the part
tics in load bearing applications—such as in automohas already been designed results in suboptimal joint
tive plastic bumpers and instrument panels—is focusperformance. When welded joints fail, the tendency is
ing attention on tests for determining weld strength.to blame the failure on poor “weld strength.” Part de-
The technology of choice for welding large, flat- signers need to differentiate between joint strength—
seamed joints in thermoplastic parts is vibration weld-which is a part or system property—and weld strength,
ing. While the mechanics of this process and the achiewvhich is a “material” property.

able weld strengths have been characterized during the

last decade, standards for defining weld strength are

currently not available. As a result, tests on specimeng. Vibration welding process

with different geometries are being used to assess wellth vibration welding, frictional work done by rubbing
strength, resulting in some confusion regarding théwo parts, under pressure, along their common inter-
weldability of resins. So far, most of the weld strengthface is used to generate heat to melt the interfacial ma-
data have been obtained through tensile tests on butérial [1]. Welding is achieved by allowing the molten
welds. This paper evaluates the effects of weld geomenterfacial film to solidify. In most applications the vi-
try on the strengths of vibration welds through tests orbratory motion is along the weld seam (Fig. 1a), at
the amorphous resin bisphenol-A polycarbonate (PCjight angles to the thickness direction for straight and
and the semicrystalline resin poly(butylene terephthanear-straight boundaries. This normal mode of vibra-
late) (PBT). The three weld geometries studied are bution welding is now well understood. However, in many
welds, butt welds between specimens of different thick-applications, such as in the welding of closed seams of
nesses, and T-welds. It is shown that only butt weld$ox-like or tubular parts, the linear vibratory motion
provide a true measure of the inherent weldability ofused for generating frictional heat occurs along the part-
resins. thickness direction (Fig. 1b). In this cross-thickness

Since itdepends onweld process conditions, the welavelding mode, a portion of the molten layer along the
strength of a resin is not a true material property. How-entire seam is exposed to the ambient air during each
ever, the highest achievable weld strength is a characdbratory cycle. The resulting reduction in the temper-
teristic of the resin that plays a role in determining theature can affect weld quality [2]. Under the right con-
strengths of welded joints, in a manner similar to theditions, very high weld strengths can be achieved—in
role played by the strength of a material in determiningsome resins the weld strength can equal that of the base
the strength of structures. Standard tests should deteresin [2]. Cross-thickness welds do not necessarily at-
mine this maximum achievable weld strength, whichtain the highest strengths at the same process conditions
can then be used to design welded joints. as for normal-mode welds.

While the local weld strength affects joint strength, Past work on welding has focused on characterizing
the mechanical performance of a joint depends mor¢he effects of the main weld process parameters—the
on the joint geometry and on the type of loading. Forweld frequencyn, the amplitude of the vibratory mo-

a given resin weld strength—even if it is substantiallytion, a, the weld pressureyo, and the weld time—on
lower than the strength of the resin—through properthe welding process and on the achievable weld strength
design it should be possible to achieve as high a joinfor several different thermoplastics. During welding,
strength as desired. Joint design does not normally rehe externally imposed interfacial weld pressure causes
ceive adequate attention during the design phase of thethe molten interfacial film to flow laterally outward,
moplastic parts; joining issues—considered a part ofhereby resulting in the two parts coming closer. The
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Figure 1 Diagrams illustrating normal and cross-thickness vibration welding.

/ The most important parameter affecting the static
strength of normal-mode vibration welds is the weld

k-—— penetration. Static weld strengths equal to that of the
| resin can be achieved when the penetration exceeds a
! N it W critical threshold—the penetration at the beginning of

the steady-state phase—and the weld strength drops off
for penetrations below this value [10, 11]. This thresh-
old is affected by the thickness of the part being welded;
ny the threshold increases with part thickness [12]. Addi-
tional penetration into the steady-state phase does not
affect weld strength in neat resins [10, 11], in blends
» [11, 13], in chopped glass-filled resins [7, 8], and in

PENETRATION (1)

ety to ta ty structural foams [9]. However, the strengths of welds
te between dissimilar materials can continue to increase
TIME (t) [4-6].

While static strength, obtained by a tensile test in
Figure 2 Schematic penetration-time curve showing the four phases oWVhich the displacement or strain or load increases at a
the vibration welding process. uniform rate until failure, is an important indicator of
weld quality, it is not the only measure. In some appli-
decreasdn the distance between two parts caused byeations creep rupture may be more important, for which
this lateral outflow, called weld penetration, is useful forthe time to rupture at different stress levels may be the
understanding the phenomenology of vibration weld-appropriate measure of weld quality [14]. Process con-
ing. For neat thermoplastic resins, typical normal- andditions can have a large effect on the morphology of
cross-thickness-mode vibration welds exhibit the fourthe weld zone, which in turn can affect impact perfor-
phases schematically shown [1-3] in Fig. 2. (i) In themance [15]. In some applications impact strength may
first phase, Coulomb friction generates heat at the intherefore be a more important measure of weld quality
terface, raising its temperature to the point at which théhan static weld strength. Fatigue can be important in
polymer can undergo viscous flow. During this phaseapplications involving cyclic loading; data on the fa-
the penetrationy = (t), is zero. (ii) In the second tigue strength of vibration welded butt joints for four
phase, the interface begins to melt and the mechaniseat resins are available [16].
of heat generation changes from solid Coulomb fric-
tion to dissipation in the molten polymer. During this
unsteady phase, in which heat is generated by viscou& Test geometries
dissipation, lateral outflow of the molten polymer re- The choice of a test geometry should be based on how
sults in the penetration increasing from zero to a valuavell the stress and deformation fields at the weld inter-
nt. (i) In the third phase, the melting and flow at- face are known during a test. From this standpoint, a
tain a steady state, and the weld penetration increasésnsile test on a butt weld is most attractive. The diffi-
linearly with time. (iv) When the machine is shut off, culty in accurately aligning thin-walled specimens dur-
the weld penetration continues to increase because thieg a weld has led to the consideration of other geome-
weld pressure causes the molten film to flow until ittries such as T-joints. However, while such joints may
solidifies. This is phase 4. The welding of dissimilar be easier to weld and test for strength, the underlying
materials [4—6], chopped glass-filled materials [7, 8],stress fields are rather complex, so that interpretation
and structural foams [9] also exhibit these four phasesof strength data is not straightforward.
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Figure 3 Butt-joint test geometries.
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Figure 4 T-joint test geometries.

The three types of joints considered in this papel
are schematically shown in Figs 3 and 4. (i) The first
(Fig. 3a) is the standard butt joint geometry used in
many investigations of the vibration welding process
[1-13, 16]. (ii) The second (Fig. 3b) is a butt joint be-
tween two specimens of different thickness. And (iii),
the third are the two T-joint geometries shown in Fig. 4.

All the tests were done using 76<225.4 mmx
thickness (3x 1 in x thickness) blocks, with machined
edges, cut from sheet or from molded plaques. In the
unequal thickness butt welds, the thinner specimen we
centered in the center of the thicker specimen. The T
Welds were configured such that the 25.4-mrthick-
ness face of the first specimen was welded to the mid
dle of the 76.2«< 25.4-mm face of the second specimen,
with the 25.4-mm face of the first specimen either beinc
aligned with 76.2-mm length of the second specimer
(Fig. 4a) or normal to it (Fig. 4b).

4. Test procedure

The test data on PC were obtained from specimen
cut from 3.0-mm- (0.12-in-), 5.8-mm- (0.23-in-), and
12.0-mm- (0.47-in-) thick extruded sheet material
(LEXAN® 9030). The data on PBT were obtained

from specimens cut from 153203 mm (6x 8 in)
edge-gated injection-molded 3.2-mm- (0.125-in-) and
6.1-mm- (0.24-in-) thick plaques of VALOX 325.
The edges of each specimen were machined to ob-
tain 76.2x 25.4 mmx thickness (3« 1 in x thickness)
rectangular blocks for ensuring accurate alignment of
the surfaces during butt welding.

Details of the weld procedure for both equal and un-
equal thickness butt welds are the same as those de-
scribed in Ref. 10. Two specimens with machined lat-
eral edges are vibration welded along the longitudinal
(25.4-mm) direction (normal mode) or the thickness di-
rection (cross-thickness mode) of the 25.4-muttick-
ness edges, resultingin a 152 £25.4-mmx thickness
(6 x 1-in x thickness) bar, which is then routed down
to a standard ASTM D638 tensile test specimen with
the vibration-welded butt joint at its center.

These bars are then subjected to a constant displace-
ment rate tensile test corresponding to a nominal strain
rate of 102 s~1. During each strength test, the aver-
age strain across the weld interface is measured with a
25.4-mm (1-in) gauge-length extensometer. Because of
the local nature of failure this extensometer only estab-
lishes the lower limit of the strain at failure; the actual
strain can be much higher in many cases. The weld
strength reported is the load at failure divided by the
cross-sectional area of the thinner specimen.

The T-joints (Fig. 4a and b) are made by clamping the
flange on the stationary platen of the welding machine
and vibrating the web. Here again both longitudinal and
cross-thickness welds were made for both geometries.
The strength of the resulting T-joint was determined
by clamping the two faces of the T-flange between two
plates (Fig. 5), one of which had a slot for the web of
the T, and by pulling the web till failure.

S
Figure 5 Fixture for determining the strengths of T-joints. The T-joint

specimen is clamped between the top&102 x 12.7-mm slotted plate
and the bottom 25.4-mm-thick plate by means of four 6.35-mm-diameter
bolts.
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The top, 51x 102x 12.7-mm (2x 4 x 0.5-in) slot- 1.0

ted clamping plate of the fixture has four 6.35-mm 1 i PET
(0.25-in) diameter holes. T-joint specimens are clampe | p,=09MPa

in place by screwing four 6.35-mm (0.25-in) bolts into &
tapped holes in the bottom 25.4-mm- (1-in-) thick plate.z
A torque wrench is used to assure uniform clamping 2 iy /

The bottom, 25.4-mm- (1-in-) thick clamping plate has% 0.5
a 25.4-mm-diameter tapped hole that is used to attaci i
the fixture to the lower platen of the tensile testing ma-q
chine. The tensile test is conducted by pulling on thez

exposed web of the test specimen. In this way bending

NORMAL

is avoided during the strength test. . CROSS THICKNESS
In these tests the clamping grip always exposes thr o : : : , ,

same web length (51 mm, 2 in) above the joint. The T- 0 1 2 3 4 5 6

joint is then pulled at a constant displacement rate cor TIME (s)

responding to a nominal strain rate of £&~1. During _
each strength test, the web displacement is monitore(gj.'
The reported joint strength is the load at failure divided
by the cross-sectional area of the specimen web.

All the weld tests were done at a weld frequency of ) o
120 Hz at a weld amplitude of 1.59 mm (0.0625 in). tWo 6.1-mm-thick PBT are shown in Fig. 7. (Strength
Two weld pressures of 0.9 MPa (130 psi) and 3.45 Mp&lata for these two specimens are listed in row 7 in
(500 psi) were used. To assess the effects of weld pend@ble V.) As expected, for both these materials, the
tration on strength, test specimens were welded to perfross-thickness welds require larger times to attain a

etration cutoffs in the range of 0.13-1.27 mm (0.005-Prescribed penetration [2]. _
0.050 in). The penetration curves for normal mode welding

clearly exhibit the four phases schematically shown in
Fig. 2. The curves for cross-thickness welding also ap-
5. Process phenomenology pear to attain a steady state and therefore appear to ex-

The weld process phenomenology for butt welds behibit the typical four phases associated with vibration
tween specimens of equal thickness in these two matervelding. The cross-thickness mode in T-joints is differ-
als is the same as in other unfilled and filled resins—thé&nt from that for butt welds [2]. In the former, only the
weld penetration-time curves exhibit the four phases ofOP melt surface at the edges is exposed to air during
vibration welding, schematically shown in Fig. 1. Fig. 6 €ach cycle, the lower surface always being in contact
shows representative penetration-time curves for noivith the resin. On the other hand, in cross-thickness
mal and cross-thickness T-welds of 5.8-mm-thick PCbutt welds, both surfaces get exposed to air.
specimens for a weld pressure of 0.90 MPa. (Strength For practical purposes, both normal and cross-
data for these two specimens are listed in row 8 inthickness T-joints exhibit the four phases indicated in
Table Il.) The thin horizontal line corresponds to the Fig. 2. The main differences are that, in cross-thickness
penetration of 0.51 mm (0.02 in) at which the vibratory Welding, (i) it takes longer to achieve a prescribed pene-
motion was stopped. The final penetration is higher betration and (ii) the final penetrations are slightly higher.
cause of continuing flow until the molten material so-

lidifies. The corresponding penetration-time plots for

gure 7 Representative penetration-time curves for normal and cross-
ickness T-welds of 6.1-mm-thick PBT.

6. Joint strength
The strength of a joint—the load carrying capacity of

10 the joint—will be measured by the “average” stress at
1 220150 mm failure defined by the load at failure divided by the area
1 p=09MPa of the joint. Only when the stress distribution in the joint

is uniform, as in a butt joint under a uniaxial load, will
this strength be a measure of the weld strength of the

: /,_7:— material. When the stress distribution is not uniform,

05 4 as in a T-joint, this joint strength is a system property
| HORIAL that depends both on the joint geometry and on the load

configuration.

WELD PENETRATION (mm)

CROSS THICKNESS
6.1. Strength of polycarbonate joints

‘ ' ‘ ' For the weld process conditions used in the tests, poly-
carbonate butt joints between specimens of the same
thickness can easily attain 100% of the strength of the
Figure 6 Representative penetration-time curves for normal and crossPa@se resin in both normal [10] and cross-thickness [2]

thickness T-welds of 5.8-mm-thick PC. modes of vibration welding.

TIME (s)
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TABLE | Strengths of polycarbonate vibration welded T-joints

T-geometry Weld Joint strength Relative
thicknesses (mm) Weld penetration (mm) Weld time (s) (MPa) joint strérigth
T pressure
Web Flange (MPa) Normal Cross Normal Cross Normal Cross Normal Cross
3.0 3.0 0.9 0.62 0.70 2.6 4.1 37.7 35.2 57 53
3.0 3.0 3.45 0.57 0.60 0.9 11 31.1 43.9 a7 66
3.0 5.8 0.9 0.59 0.65 3.3 3.9 45.2 35.5 68 53
3.0 5.8 3.45 0.56 0.61 0.9 11 21.4 25.0 32 38
5.8 3.0 0.9 141 0.34 4.6 2.9 27.1 22.3 41 34
5.8 3.0 3.45 0.30 0.31 0.8 0.9 25.2 25.0 38 38
5.8 3.0 3.45 0.57 1.33 11 2.0 22.8 20.5 34 31
5.8 5.8 0.9 0.14 0.15 14 21 26.0 12.3 39 19
5.8 5.8 0.9 0.34 0.32 2.0 2.7 43.6 334 66 50
5.8 5.8 0.9 0.62 0.61 2.8 33 43.8 52.2 66 78
5.8 5.8 0.9 1.38 1.44 4.1 5.2 29.7 39.2 45 59
5.8 5.8 3.45 0.17 0.17 0.7 0.7 41.3 23.8 62 36
5.8 5.8 3.45 0.31 0.30 0.8 0.9 27.9 30.9 42 46
5.8 5.8 3.45 0.56 0.57 11 11 23.9 26.6 36 40
5.8 5.8 3.45 1.33 1.33 1.9 1.9 27.0 325 41 49
5.8 12.0 0.9 0.61 0.64 25 3.6 50.3 59.4 76 89
5.8 12.0 3.45 0.56 0.58 1.0 1.2 50.9 25.4 76 38

@Based on a PC strength of 66.5 MPa (9.65 ksi).

TABLE |l Repeatability of polycarbonate vibration welded T-joint strengths. Repeat tests were done on T-joints with 5.8-mm-thick webs and
flanges. In these 120-Hz welds the weld pressure and the weld amplitude were fixed, respectively, at 0.9 MPa and 1.59 mm

Strain at Average strain

Relative Average joint Standard maximum at maximum Standard
Weld joint strength (%) strength (%) deviation (%) strength (%) strength (%) deviation (%)
penetration
setting (mm)  Normal Cross Normal Cross Normal Cross Normal Cross Normal Cross Normal  Cross
0.25 65.6 — 5.99 —
0.25 63.6 — 65.9 — 1.7 — 4.37 — 5.15 — 0.66 —
0.25 66.6 — 5.13 —
0.25 67.7 — 5.13 —
0.51 65.8 78.4 6.71 7.45
0.51 41.1 61.2 59.5 70.2 12.2 7.6 2.30 4.53 4.52 5.50 1.81 1.37
0.51 65.7 74.2 4.67 5.51
0.51 65.3 66.8 4.40 4.53
aBased on a PC strength of 66.5 MPa (9.65 ksi).
6.1.1. T-joints joint strengths are substantially lower than the achiev-

Table | lists the strengths of several T-joints with (web,able strength of butt welds (100%), and (i) for a given
flange) thickness combinations of (3.0, 3.0), (3.0, 5.8)web thickness, the joint strength appears to increase
(5.8, 5.8), and (5.8, 12.0) mm. For each of these thickwith the thickness of the flange.
ness combinations, the joints were made at two weld To ensure that the reduced joint strengths are not ar-
pressures (0.9 and 3.45 MPa), both in normal and crosgifacts of limited one-of-a-kind data, a set of five repeat
thickness welding modes. A number of different nomi-tests were done for the (5.8, 5.8) mm web-flange joint
nal penetrations (0.13,0.51, and 1.27 mm) settings wereombination for a weld pressure of 0.9 MPa, for two
used; they were not varied systematically except for thenominal weld penetration of 0.25 and 0.51 mm. The
(5.8, 5.8) mm thickness combination. Also, the data indata for these repeat tests (Table I) show consistent re-
this table are all from one test per parameter set, anductions in joint strength. For the lower penetration of
therefore do not give a feel for the scatter in the data. 0.25 mm, the joint had an average strength of 65.9%,
Except for rows 5 and 7—for which the nominal pen- with a small standard deviation of 1.7%. At the higher
etrations for the normal and cross-thickness welds werpenetration, the joint strength is lower for normal welds
(1.41, 0.34) mm and (0.51, 1.33) mm, respectively—but higher for cross-thickness welds; the standard de-
each row in this table gives data for normal and crossviations in the strengths are higher than for the lower
thickness welds for the same nominal penetration. Fopenetration welds. These tests confirm that the reduced
the same nominal penetration setting, the final penejoint strengths are real.
tration increases with the weld pressure. For the same This reduced strength could be ascribed to stress con-
weld process conditions, the final penetration and theentration at the joint interface induced by the reentrant
weld time in the cross thickness welds are higher tharcorners of the T-geometry. However, remarkahlyne
in the normal welds. of the joints failed at the weld interface. The failure
The one-of-a kind data in Table | appear to indicatesurface of a T-joint with a (5.8, 5.8) mm web-flange
the following trends for relative joint strength: (i) The combination is shown in Fig. 8. (The strength data for
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Figure 8 Failure surface of a PC (5.8, 5.8) mm web-flange combination T-joint: (a) and (b), front and side views of the web, respectively; (c), top
view of the failure surface of the flange.

this cross-thickness welded T-joint are given in row 3in row 3; (5.8, 3.0) mm in row 5; (5.8, 5.8) mm in row
of Table 1.) Fig. 8a and b show the front and side views10; and (5.8, 12.7) mm in row 16. In this figure, the
of the web failure surface; Fig. 8c shows the top view ofnominal joint stress is the tensile load divided by the
the failure surface in the flange. Clearly, the failure sur-cross-sectional area of the web. The nominal strain is
face was deep into the flange. the extension divided by 100.8 mm, the free “gauge”
In joints with thinner flanges, the failure surface pen-length of the web. Since this nominal stain is averaged
etrated through the flange thickness. Fig. 9 shows thever a region most of which does not fail, the actual
side and front views (a and b) of the web failure sur-strain at the failure site will be larger. All specimens
face, and the top view of the flange failure surface in awith 3.0-mm-thick webs fail at relatively low nominal
(5.8, 3.0) mm web-flange combination. (The strengthstrains, while those with 5.8-mm-thick flanges fail at
data for this cross-thickness welded T-joint are givenhigher strains and stresses.
in row 1 of Table I.) The “punch through” in the flange
is the dark trapezoidal region inside the failure sur-
face of the flange (Fig. 9c). The reduced strength in thes. 1.2. Unequal thickness butt joints
T-joints most likely results from the complex, three- Strength data for butt welds of 3.0- and 5.8-mm-thick
dimensional stress state in the T-geometry. specimens to 12.7-mm-thick specimens, for weld pres-
Three-dimensional stress states are known to causires of 0.9 and 3.45 MPa and a nominal penetration
ductile resins to fail in a brittle mode [17—20]. Evidence of 0.51 mm, listed in Table Ill, exhibit relative joint
of this mechanism being the cause of reduced strengtstrengths of about 97%, which is close to the achiev-
can be seen in Fig. 10, that shows the nominal stresable weld strength (100%) of PC. These joint strengths
versus nominal strain, all the way to failure, for normal are much higher than those for the T-welds. The two sets
mode T-welds for a number of web and flange thicknes®f repeat tests for a weld pressure of 0.9 MPa (Table V)
combinations. The strength data for these specimens ao®nfirm these high strengths. These high strengths ar-
listed in Table I: (3.0, 3.0) mm in row 2; (3.0, 5.8) mm gue against stress concentration arising from sharp
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Figure 9 Failure surface of a PC (5.8, 3.0) mm web-flange combination T-joint. (a) and (b), side and front views of the web, respectively; (c), top
view of the failure surface of the flange; the dark trapezoidal shape within the failure surface represents “punch through” of the failure sugface thro
the bottom surface of the flange.
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Figure 10 Nominal joint-stress versus nominal strain curves for PC for _ . ) .
(web, flange) thickness combinations of (3.0, 3.0), (3.0, 5.8), (5.8 3_0)F|gure 11 Nominal joint-stress versus nominal strain curves for PC for
(5.8, 5.8), and (5.8, 12.0) mm. Except for the curve for the (3.0, 3.0) mmunequal thickness butt welds for (3.0, 12.0) and (5.8, 12.0) thickness

combination that corresponds to a weld pressure of 3.45 MPa, all curve§omPinations.
correspond to a weld pressure of 0.9 MPa.

reentrant corners being the cause of the reducethe corresponding strength data are listed, respectively,
strengths of T-joint welds. Fig. 11 shows the nomi-inrows 1 and 3 in Table IIl. As indicated by the sudden
nal stress versus nominal strain curves for (3.0-mm tarop in the stress without failure, these curves confirm
12.7-mm) and (5.8-mm to 12.0-mm) unequal welds;that these specimens fail in a ductile mode.
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TABLE Ill Strengths of polycarbonate vibration welded butt joints between specimens of different thicknesses

Specimen Weld Relative
thicknesses (mm) Weld penetration (mm) Weld time (s) Joint strength (MPa)  Failure strain (%) joint $t(et)gth

- pressure

Thinner  Thicker (MPa) Normal Cross Normal Cross Normal Cross Normal Cross Normal Cross
3.0 12.0 0.9 0.57 0.71 2.2 43 64.5 61.3 5.10 3.52 97 92

3.0 12.0 3.45 0.57 0.57 0.7 0.9 63.0 64.1 4.23 4.73 95 96

5.8 12.0 0.9 0.59 0.60 2.0 29 65.1 58.0 — 3.05 98 87

5.8 12.0 3.45 0.55 0.57 0.9 11 64.5 65.0 4,57 5.02 97 98

aBased on a PC strength of 66.5 MPa (9.65 ksi).

TABLE 1V Repeatability of strengths of polycarbonate vibration welded butt joints between specimens of different thicknesses. In these 120-Hz
welds the weld pressure, the weld amplitude, and the weld penetration were fixed, respectively, at 0.9 MPa, 1.59 mm, and 0.51 mm

Strain at Average strain
Specimen Relative Average joint Standard maximum at maximum Standard
thicknesses (mm) joint strengttpo) strength (%) deviation (%) strength (%) strength (%) deviation (%)

Thinner  Thicker Normal Cross Normal Cross Normal Cross Normal Cross Normal Cross Normal  Cross

3.0 12.0 97.0 92.1 5.10 3.52
3.0 12.0 97.8 98.5 97.3 96.2 0.4 2.8 4.53 4.81 4.6 4.4 0.4 0.6
3.0 12.0 97.5 97.0 4.64 4.65
3.0 12.0 96.9 97.2 4.14 4.59
5.8 12.0 97.8 87.1 — 3.05
5.8 12.0 96.0 92.5 97.6 94.1 11 55 4.79 4.28 5.2 4.3 0.3 1.0
5.8 12.0 98.3 98.5 5.28 5.40
5.8 12.0 98.4 98.4 5.45 4.62

aBased on a PC strength of 66.5 MPa (9.65 ksi).

TABLE V Strengths of poly(butylene terephthalate) vibration welded T-joints

T-geometry Weld Relative
thicknesses (mm) Weld penetration (mm) Weld time (s) Joint strength (MPa) joint stt¢#i@th
_ pressure
Web Flange (MPa) Normal Cross Normal Cross Normal Cross Normal Cross
3.2 6.1 0.9 0.58 0.68 34 5.1 15.6 7.1 26 12
3.2 6.1 3.45 0.55 0.61 1.2 1.7 16.4 18.0 27 30
6.1 3.2 0.9 0.59 0.57 2.8 1.7 15.7 9.0 26 15
6.1 3.2 3.45 1.30 — 2.6 — 13.3 — 22 —
6.1 6.1 0.9 0.15 0.16 1.4 3.2 9.7 8.7 16 14
6.1 6.1 0.9 0.32 0.31 2.5 3.5 14.8 13.4 25 22
6.1 6.1 0.9 0.57 0.65 2.7 45 16.6 17.7 28 30
6.1 6.1 0.9 1.39 1.54 4.7 6.4 18.6 14.4 31 34
6.1 6.1 3.45 0.16 0.15 0.8 0.9 16.5 12.2 28 20
6.1 6.1 3.45 0.29 0.30 1.0 1.2 25.7 19.1 43 32
6.1 6.1 3.45 0.54 0.56 1.3 1.7 15.3 11.3 26 19
6.1 6.1 3.45 1.31 1.34 25 29 17.4 14.4 29 24

@Based on a PBT strength of 59.8 MPa (8.67 ksi).

6.2. Strength of poly(butylene those for the PC T-joints. Here again, the failures occur
terephthalate) joints in the flange thickness below the weld interface, and not
For the weld process conditions used in the tests, PBTh the weld, as shown by the failure surface for a (6.1,
butt joints between specimens of the same thickness.1) mm web-flange combination (Fig. 12). The repeat
can easily attain 100% of the strength of the base resitestdatafora (6.1, 6.1) mm web-flange combination for
in both normal (10) and cross-thickness (2) modes ofa weld pressure of 0.9 MPa and nominal penetrations of
vibration welding. 0.25 and 0.51 mm (Table VI) confirm that this strength
reduction is real and repeatable.
That failure occurs in a brittle mode can be seen from
6.2.1. T-joints the nominal stress versus nominal strain plots for two
Table V lists the strengths of several T-joints with (web, cross-thickness T-welds, shown in Fig. 13. Failure oc-
flange) thickness combinations of (3.2, 6.1), (6.1, 3.2)curs at relatively low strains. Strength data for these
and (6.1, 6.1) mm. These data for PBT T-joints alsotwo welds are listed, respectively, in rows 2 and 10 in
show very low relative joint strengths—even lower thanTable V.
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TABLE VI

Repeatability of poly(butylene terephthalate) vibration welded T-joint strengths. Repeat tests were done on T-joints with 6.1-mm-thick

webs and flanges. In these 120-Hz welds the weld pressure and the weld amplitude were fixed, respectively, at 0.9 MPa and 1.59 mm

Strain at Average strain

Relative Average joint Standard maximum at maximum Standard
Weld joint strength (%) strength (%) deviation (%) strength (%) strength (%) deviation (%)
penetration
setting (mm)  Normal  Cross Normal  Cross Normal  Cross Normal  Cross Normal  Cross Normal Cross
0.25 24.8 22.4 1.22 0.86
0.25 30.7 27.4 28.4 28.4 5.2 5.3 1.34 1.19 1.39 1.24 0.34 0.34
0.25 23.4 28.5 1.12 1.23
0.25 345 35.5 1.89 1.68
0.51 27.8 29.6 2.20 1.47
0.51 28.8 255 26.0 28.1 2.9 1.9 1.12 1.14 1.32 1.32 0.59 0.14
0.51 25.0 29.5 1.01 1.36
0.51 224 27.8 0.96 1.32
aBased on a PBT strength of 59.8 MPa (8.67 ksi).
TABLE VIl Strengths of poly(butylene terephthalate) vibration welded butt joints between two specimens of different thicknesses

Specimen Weld Joint strength Relative
thicknesses (mm) Weld penetration (mm) Weld time (s) (MPa) Failure strain (%) joint stiePrgith

- pressure
Thinner  Thicker  (MPa) Normal  Cross  Normal  Cross Normal  Cross Normal  Cross  Normal Cross
3.2 6.1 0.9 0.57 0.69 2.2 4.7 62.9 53.2 3.38 1.65 105 89
3.2 6.1 3.45 0.55 0.61 0.9 1.9 53.9 34.1 2.04 1.11 90 57

aBased on a PBT strength of 59.8 MPa (8.67 ksi).

4mm

4mm

(@ (b)

4mm

(©

Figure 12 Failure surface of a PBT (6.1, 6.1) mm web-flange combination T-joint.
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TABLE VIII

Repeatability of strengths of poly(butylene terephthalate) vibration welded butt joints between specimens of different thicknesses.

In these 120-Hz welds the weld pressure, the weld amplitude, and the weld penetration were fixed, respectively, at 0.9 MPa, 1.59 mm, and 0.51mm

Strain at Average strain
Specimen Relative Average joint Standard maximum at maximum Standard
thicknesses (mm) joint strengttpo) strength (%) deviation (%) strength (%) strength (%) deviation (%)
Thinner  Thicker Normal Cross Normal Cross Normal Cross Normal Cross Normal Cross Normal Cross
3.2 6.1 1052  89.1 3.38 1.65
3.2 6.1 107.4  97.0 1059 784 1.0 184  2.83 257 3.1 1.7 0.4 0.6
3.2 6.1 1057 719 2.66 1.46
3.2 6.1 105.4  55.8 3.36 1.24
aBased on a PBT strength of 59.8 MPa (8.67 ksi).
05 tic reduction in the strengths of PBT T- joints should
n=120 Hz . . ..
o s po— not be ascribed to the reentrant corners in the joint
P, = 3.45 MPa geometry.
1]
[}
L
2
2 web 3.2 mm 7. Concluding remarks
z flanga (£+l:mm The test data for the strengths of PC and PBT T-joints
" oteb B e clearly show that tests on T-welds do not measure the
= flange 6.1 mm achievable weld strengths of resins. Not only does this
g | test grossly underestimate the weld strengths of materi-
CROSS-THICKNESS WELDS ‘ als, 'ghe m(_easured number depends on the absolute and
relative thicknesses of the webs and flanges of the T.
0 ! . 7 : Thus, a test on a T-joint is a component test, not a test

NOMINAL STRAIN (%)

Figure 13 Nominal joint-stress versus nominal strain curves for PBT

for (web, flange) thickness combinations of (3.2, 6.1) and (6.1, 6.1) mm.

1.0 n=120Hz
a=0.159 mm
1 p, = 0.9 MPa
PBT

@ i
72}
w
4 i
=
»
- i
Zz
Q 0.5 (3.2-mm to 6.1-mm butt weld)
-
< .
z
= i
2

i NORMAL WELD
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0 1 2 3 4

NOMINAL STRAIN (%)

Figure 14 Nominal joint-stress versus nominal strain curves for PBT

for unequal thickness butt welds between 3.2- and 6.1-mm specimens

6.2.2. Unequal thickness butt joints

for material weldability. The appropriate geometry for
determining the weldability of resins would seem to be
that of the butt weld.

The results of tests on T-joints clearly indicate that
the stress field at a T-junction in a structure is quite
complex. In thermoplastics, in which the strains at fail-
ure are very high in comparison to metals, the stress
concentration caused by reentrant corners may not be
as important a contributor to failure as the subsurface
multiaxial stress field—especially in the thin-walled ge-
ometries used in thermoplastic parts. These tests point
to the need for a more careful examination of the fail-
ure mechanism at the junction of a rib and the main
structure in an injection molded part. Clearly, an un-
derstanding of this failure mechanism would help in
designing better welded joints.
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