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Abstract

A hot-tool welding machine was used to study the weldability of polyetherimide, a high-temperature amorphous thermoplastic. Weld
strength data are reported for two specimen thicknesses. In these experiments, the outflow in the melting phase was controlled by means of
stops, the thickness of the molten film was controlled by the heating time, and the outflow during the final joining phase was also controlled
by displacement stops. Strength data for butt welds are reported for a series of tests in which the hot-tool surface temperatures, the heating
times, and the displacement stop positions were varied, but the pressure was not. Within the range of the weld process parameters
investigated, the highest weld strength achieved was of the order of 85% of the base strength of the material. This is lower than the

100% weld strength that can be achieved in this material by vibration wel@i2D00 Elsevier Science Ltd. All rights reserved.

Keywords Hot-tool welding; Polyetherimide; Vibration welding

1. Introduction terminology, these two papers include comprehensive
lists of references on hot-tool welding, including those
Because of the increasing use of thermoplastics and ther-on the weldability of other thermoplastics. As such, in
moplastic composites in load-bearing applications, welding this paper, only papers pertinent to the study reported in
methods are becoming important for part cost reduction. this paper are cited.
Hot-tool welding is a widely used technique in which This paper examines the hot-tool weldability of unfilled
the surfaces to be joined are brought to the “melting polyetherimide (PEI), a high-temperature amorphous ther-
temperature” by direct contact with a heated metallic moplastic with a glass transition temperature of ZL5A
tool. In some cases, such as in joining of plastic dual platen hot-tool welding machine with displacement
pipes, the surfaces to be joined are flat, so that the control, in which the temperatures of the two hot-tool
tool is a hot plate. However, in many applications, surfaces can be independently controlled, was used to
such as in automotive headlamps and rear lights, doubly study the weldability of this material. In these experiments,
curved joint interfaces require complex tools that allow the outflow in the melting phase was controlled by means of
the hot surfaces to match the contours of the joint inter- stops, the thickness of the molten film was controlled by the
face. Applicability to complex geometries is one of the heating time, and the outflow during the final joining phase
major advantages of this process. was also controlled by displacement stops. Strength data for
This paper is the third in a series on hot-tool welding of butt welds are reported for two specimen thicknesses for a
thermoplastics. The hot-tool welding process is described in series of tests in which the hot-tool surface temperatures, the
detail in Part 1 of this paper, which presents a comprehen-heating times, and the displacement stop positions were
sive phenomenological study of the hot-tool welding of the varied, but the pressure was not. The effects of the large
amorphous polymer BPA polycarbonate (PC) [1]. Part 2 of number of welding parameters were explored mainly by
the paper addresses the weldability of unfilled and conducting one test per test condition studied; such data
glass-filled poly(butylene terephthalate) (PBT), a semi- do not provide information on the variability in the weld
crystalline polymer [2]. In addition to establishing the strength at each test condition. The variability in the data
were then studied through repeat tests at the near optimum
* Tel.: +1-518-387-5157: fax:-1-518-387-7006. conditions established by the single tests. It is shown that
E-mail addressstokes@crd.ge.com (V.K. Stokes). high weld strengths can be achieved in PEI.
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Fig. 1. Schematic diagram showing geometric parameters for displacement-controlled hot-tool welding using mechanical stops.

2. Displacement controlled welding assembly. This fixture has mechanical stdpsthat are
aligned with the hot-tool stopS;.

The essential parts of a displacement controlled welding  For welding, the fixture is moved to bring the part into
machine consist of the hot-tool assembly having two contact with the hot-tool surface, and a pressure is applied to
exposed hot surfaces, two fixtures for holding the parts to maintain this contact. Heat transfer raises the temperature of
be welded, means for bringing the parts in contact with the the part and the resulting thermal expansion causes a small
hot surfaces and then bringing the molten surfaces togetherightward (away from the hot-tool surface) motion in the
to form the weld, and adequate timing and displacement part and fixture. When the surface temperature reaches the
controls. The mechanics of the hot-tool welding process melting point of the plastic, the externally applied pressure
using mechanical stops to effect displacement control cancauses the molten material to flow laterally outward, thereby
be described by means of the schematic in Fig. 1. The left- inducing a leftward motion of the part. The decrease in the
hand side shows one half of the hot-tool assembly, compris-part length caused by the outflow of molten material is
ing an electrically heated block on which interchangeable called the penetratiom, which for this phase is the part
hot-tool inserts can be mounted. The hot-tool assembly hasdisplacement from the instant of contact, and weld time is
mechanical stop$§,, the surfaces of which are offset from measured from this instant.

the hot-tool surface by a distanég. The hot-tool assembly Initially, when the surface begins to melt, very little flow
can be moved in and out of the configuration shown in the occurs and the molten film thickens. The flow or penetration
figure along the direction indicated. rate begins to increase with time. The penetration (or part

The part to be welded is gripped in a fixture (right-hand motion) will not change after the part stof§s come into
side of figure) that can be moved to and fro in a direction at contact with the hot-tool stof&;, as shown in Fig. 1. Let the
right angles to the allowable motion for the hot-tool elapsed time from the instant that the part touches the



V.K. Stokes / Polymer 42 (2001) 775-792 77

hot-tool surface to the instant when the stops come into in which the thermal diffusivityx the thermal expansion
contact betg, and let the corresponding penetration, the coefficienta have been assumed to be constant (temperature
melt penetrationben = &, (Fig. 1). This thickness of mate-  independent).

rial will melt and flow out laterally to form a part of the weld This constant-property approximation requires represen-
“bead.” Continuing contact with the hot-tool surface after tative values fork and «. The density of PEI decreases
time t, will cause the molten layer to thicken with time. continuously from 1.27 g cA? at 20C to 1.22 g cm*at
During this phase, there will be no additional penetration. 215°C. After that, the density decreases from 1.22 gé¢m
However, with increasing time, thermal expansion in the at 215C to 1.08 g cm?® at 455C. The average density
portion of the part heated by conduction will cause more between 20 and 216 is 1.25 g cm?, and that between
material to flow out, thereby resulting in an apparent 215 and 45%C is 1.15 g cm?®. The average 1.20 g cm
increase ind,. Let the duration of this film buildup phase of these two densities at will be used as the mean density
be ty and let the thickness of the molten layer bg as for calculating the mean thermal diffusivity. Using a thermal
shown. In the changeover phase, the parts are pulled awayconductivity of 0.29 WC™, and a specific heat of
from the hot-tool, the hot-tool is retracted, and the molten 1500 J kg'°C™?, then gives a mean thermal diffusivity of
surfaces are brought into contact, thereby initiating the join- 0.16 mnfs . The thermal expansion coefficient of PEI
ing phase. Let the duration of this changeover phasg.be decreases continuously from 04940 “°C™! at 20C to
After the molten surfaces touch, the applied joining pressure 0.48x 104 °C~* at 200C. It undergoes a large change near
squeezes out the molten material laterally, resulting in athe glass transition temperaturdy = 215C, of PEI
further penetration. During this squeezing motion, heat Above T, a decreases from.ax 10°4°Cc™! at 215C to
transfer from the melt results in a cooling and in an eventual 1.6 x 10 * °C ™! at 455C. Since the focus here is on obtain-

solidification of the melt. ing an estimatefor 61, an upper bound fol+ will be
If 6y < du, the part stop§s cannot come into contact, so  obtained by using a constant thermal expansion coefficient
that part dimensions cannot be controlled. Howeves,if> of « = 1.7x 10 *°C1, the mean of the values at 215 and

8y, the material in the molten layer will continue to be 455C. By assuming a constamt of 0.16 mnfs * and a
squeezed out until the stof® come into contact, after constanta of 1.7x 10 *°C™, the expression in Eq. (1)
which part motion will stop and the melt will solidify without  reduces tost = 0.767x 10 4T — T,)v/t mm. From this
further motion. For dimensional contrdj, should be large expression, estimates fér at different hot-tool tempera-
enough to ensure thaf, > 8. For this case, the total pene- tures and heating times, for an ambient temperatufg ef
tration on each of the halves being welded willbe &, + 20°C, are listed in Table 1.

84, So that the overall (warm) part length will decrease By 2 As the molten material cools, thermal contraction gener-
if thermal expansion effects are neglected. Let the initial ates tensile stress in the solidifying material. This stress field
lengths of the parts before welding heandl,, and let the  can affect the residual stresses induced by the nonhomoge-
length of the welded part blg. Then, Al =1; + 1, —|; is neous cooling. Clearl\j, by itself does not contribute to the
the thickness of the material that flowed out into the weld welding that occurs during the joining phase; this material
bead. If the stops come into contact during the joining phasejust flows outward into the bead. A small value &f is

(for which &y > &y) and thermal expansion effects are required to compensate for part surface irregularities and for
neglected, then the expected change in length shouldbe 2 ensuring that contaminated surface layers flow out before the
However, ifsy < 84, thenthe stops will not come into contact

and the change in length should be less thén Thus, if Table 1

thermal expansion effects are neglectég,= 26 — Al is a Estimates for thermally induced length increases in PEI specimens at differ-
measure for whether or not the stops come into contact: stopsent hot-tool temperatures and heating times, for an ambient temperatures of
doand do notcontactwheny = 0andAn > 0, respectively. ~ Ta=20C

However, thermal expansion at the heated ends of the speciy,_10| temperature’e)

Estimate for thermally induced expansion

mens would increasdl and, in the case in which stops 8t (1072 mm)
contact, could result in negative values of the differential
penetratiom\n. Thus, a largetl could result from thermal w=10s  t=15s  t;=20s

expansions both in Phase 1 (an apparent increadg end 305 7 8 10

during the joining phase. Let the thermal expansion of the 320 7 9 10

specimen bé+, so that the effective change in length would 335 8 9 11

be 26 + &r). Then, Ay = 2(8 + 81) — Al will be a better 350 8 10 11

measure for whether or not stops come into contact. ggg g 10 12
9

11 12
An estimate for this temperature-induced length increase 395

11 13
o7 is [1] 410 9 12 13
425 10 12 14

26 440 10 12 14

8= —(Ty — TDVkt 1) 455 11 13 15

NG
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joining phase. Theveld penetrationthe penetrationy = oy pressure and the piston cross-sectional area) were 6.9 and
during the joining phase, is controlled by the machine setting 3.6 MPa, respectively.
Sy (Fig. 1). Let the duration of the joining (or welding) phase, An important characteristic of the hot-tool surface is the
from the instant the molten surfaces touch to the instant the extent to which molten polymer tends to stick to the surface.
solidified weld is released, g Then the totalweldingtimeis  Residue left behind can affect the quality of subsequent
givenbytr =ty + ty + t. + t,,. Clearlyt.shouldbeassmall  welds [1,2]. Because PEI requires weld temperatures in
as possible. the range of 350—48C, an uncoated metal insert, made
of a high-conductivity copper—nickel—silicon—chromium
alloy (Ampco 940, about 96% of which is copper), was
3. Test procedure used for all the tests reported in this paper. To eliminate
the effects of residues resulting from the tendency of the
All the test data in this paper were obtained from 3.2- and melt to stick to the surface, a copper scraper was used to
6.2-mme-thick specimens cut from 15203mm injection- clean the hot-tool surface after each test.
molded plaques of PEI (ULTEM1000). The edges of each In contrast to the weld studies on PC and PBT [1,2], the
specimen were machined to obtain rectangular blocks texture of the melt surface of PEI just before the final joining
of size 762 x 25.4-mmX thickness for assuring accurate phase, which can be expected to affect weld quality, was not
alignment of the surfaces during butt welding along the studied.

25.4-mm X thickness edges. The test procedure for determining weld strength is as
All the welds were made on a commercially available follows: first, the hot-tool surfaces are allowed to attain
(Hydra-Sealer Model VA-1015, Forward Technology the desired surface temperatures. After accurately measur-
Industries, Inc.) dual platen hot-tool welding machine in ing their lengths, the weld specimens are mounted on the
which the temperatures of the two hot-tool surfaces can be specimen holding fixtures and the micrometer settings are

independently controlled. On this machine, the off§gt adjusted to obtain desired values of the overhéng@he
called the weld penetration, of the hot-tool st§p from heating timety and the welding time,, are set and the
the hot-tool surface (Fig. 1) can only be changed by insert- machine is cycled to effect the weld. The weld results in a
ing shims between the electrically heated hot-tool block and 1524 X 25.4-mm X thickness bar. After sufficient cooling,
the stops, which are fastened to the block surface by meanghe length of the bar is accurately measured with a micro-
of screws. All the data in this paper were obtained at three meter. The differenceAl of this final length from the
weld penetrations a¥; = 0.25,0.66, and 0.91 mm, andtwo combined lengths of the unwelded specimen pairs deter-
melt penetrations 08, = 0 and 0.13 mm. mines the thickness of the material that actually flowed
The weld specimens are pneumatically gripped in special out, i.e. the actual penetration, which can be compared
fixtures that accurately align the specimens during the weld- with 25. The rectangular bar is routed down to a standard
ing cycle. Each grip is provided with a micrometer that can ASTM D638 tensile test specimen with a butt joint at its
be used to accurately set the distadd®sy which each speci-  center [3]. The tensile bar, which has a transverse butt weld
men protrudes beyond the stofis any variations in the  at mid length, is then subjected to a constant displacement
lengths of the specimens can easily be compensated forrate tensile test in which the strain across the weld is moni-
In this machine, the timeg andty, cannot be resolved, tored with an extensometer. In this way the average failure
only the total heating timeay = t; +ty, can be set and  strain across the weld over a 25.4-mm gauge length can be
measured. However, fé < 8y, to should be much smaller  monitored. All the weld strength tensile tests reported in this
thanty,. The changeover timg, from the instant the heated paper were done at a nominal strain rate of 001s
specimens are pulled back from the hot-tool to the instant The weld flash, or “bead,” was not removed, and the weld
the molten films are brought back into contact, can be chan- strengths were obtained by dividing the load at failure by the
ged by changing the decelerating springs and the air pres-original cross-sectional area of the specimen. Because large
sure on the displacement pistons. However, the possiblelocal deformations at the weld interface increase the local
range of variation is quite small. In the tests reported in cross-sectional area, the true failure stress (based on the
this paper, a fixed changeover timeof about 1.24 s was  actual local cross-sectional area) will be smaller than the
used; the corresponding average changeover velocity seemominal stress (based on the original cross-sectional area)
by the specimen molten surfaces was about 118 mins reported in this paper [4].
The welding, or joining, time,,, measured from the instant Furthermore, the 25.4-mm gauge-length extensometer
the molten films are brought into contact to the instant the can grossly underestimate the local strain in the failure
(solidified) welded parts are released, can be preset in thisregion once strain localization sets in, so that the signif-
machine. icance of the reported failure strairg should be inter-
One limitation of this machine is the lack of adequate preted with care. These values only represent the lower
pressure control at the weld interface. For 3.2- and 6.2- limit of the failure strain at the weld.
mm-thick welds (specimen cross sections of thickness Of importance are deposits on the hot-tool surfaces that
25.4 mm), the nominal weld pressures (based on the aircould affect the temperature and surface texture seen by the



Table 2
Strength and ductility data for hot-tool welds of 3.2-mm-thick PEI specimens, at a strain eate 601 s 1, as functions of the hot-tool temperature and the heating time, for two weld penetrations of 0.25 and
0.66 mm. The melt penetration was maintained at 0.13 mm, and the seal time was kept constant at 10 s

Hot-tool Heating Weld strength (MPa) Relative weld strengo) Failure straifi (%) Al (mm) Differential penetration
temperature°C) time (s) Amn (An7) (1072 mm)

8y = 0.25 mm &y = 0.66 mm &y = 0.25 mm &y = 0.66 mm &y = 0.25 mm &y = 0.66 mm &, = 0.25 mm &y = 0.66 mm &, = 0.25 mm &y = 0.66 mm

305 10 9.5 - 9 - 0.24 - 0.78 - -2 (12) -
320 10 19.9 17.8 18 16 0.57 0.51 0.87 1.14 -11(3) 44 (58)
335 10 26.8 14.3 24 13 0.84 0.39 0.94 1.25 —-18 (-2) 33 (49)
350 10 427 18.5 38 17 1.37 0.54 0.94 1.50 —18 (-2) 8 (24)
365 10 46.5 32.7 42 29 1.46 0.98 0.96 1.58 —20 (-4) 0 (16)
380 10 45.4 76.7 41 69 1.44 2.71 1.06 1.61 —-30 (-12) —3(15)
395 10 44.4 78.6 40 70 1.41 2.86 0.98 1.70 —22 (-4) —12 (6)
410 10 39.9 75.7 36 68 1.28 2.71 1.07 1.53 —-31(-13) 5(23) <
425 10 - 75.1 - 67 - 2.69 - 1.54 - 4 (24) =
440 10 - 79.9 - 72 - 2.74 - 1.66 - -8(12) %)
455 10 - 73.0 - 65 - 2.61 - 1.77 - -19(3) %
305 15 16.1 - 14 - - - 0.84 - ~8(8) - <
320 15 25.4 15.1 23 14 0.74 0.44 0.90 1.35 —14 (4) 23 (41) 3
335 15 36.6 27.4 33 25 1.20 0.81 0.99 1.39 —23(-5) 19 (37) 3
350 15 37.1 65.9 33 59 1.15 2.25 0.96 1.59 —20 (0) —-1(19) e
365 15 37.2 79.1 33 71 1.18 2.86 1.00 1.67 —24 (—4) -9 (11) 8
380 15 40.7 76.5 36 69 1.30 2.78 1.06 1.71 —30 (-8) —-13(9) ™
395 15 37.2 66.5 33 60 1.20 2.27 1.09 1.72 —-33(-11) —14 (8) §
410 15 322 51.4 29 46 1.08 1.76 117 1.52 417) 6 (30) b
425 15 - 34.6 - 31 - 1.15 - 1.62 - —4(20) >
440 15 - 53.0 - 47 - 1.90 - 1.66 - —8(16) I8
455 15 - 44.1 - 40 - 1.72 - 1.73 - —15(11) N
305 20 211 - 19 - 0.61 - 0.92 - —16 (4) -
320 20 30.5 23.8 27 21 0.98 0.68 0.94 1.40 —-18 (2) 18 (38)
335 20 33.5 67.0 30 60 1.04 2.27 0.95 1.42 -19 (3) 16 (38)
350 20 32.2 79.4 29 71 1.01 2.81 1.04 1.59 —28 (-6) —1(21)
365 20 27.5 67.1 25 60 0.85 2.34 1.07 1.73 -31(-7) —15(9)
380 20 35.2 55.8 32 50 1.13 1.90 1.12 1.70 -36(-12) -12(12)
395 20 25.7 46.2 23 41 0.84 1.59 1.08 1.73 -32(-6) —-15(11)
410 20 23.2 325 21 29 0.82 1.12 1.05 1.55 —29 (-3) 3(29)
425 20 - 24.9 - 22 - 0.88 - 1.60 - —2(26)
440 20 - 35.2 - 32 - 1.28 - 1.71 - —13(15)
455 20 - 37.0 - 33 - 212 - 1.72 - —14 (16)

3 gy = 1116 MPa
P g =71%.
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Fig. 2. Weld strength of 3.2-mm-thick PEI as a function of the hot-tool
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the three heating times used (10, 15, and 20 s). For a weld
penetration of 0.25 mm, columns 3, 5, 7, 9, and 11 list,
respectively, the weld strength, the relative weld strength
(or = weld strength/strength of PEI resin), the failure
strain, the change in lengtkl after welding, and the differ-
ential penetrationAn andAxn+. Columns 4, 6, 8, 10, and 12
list the corresponding data for a weld penetration of
0.66 mm. Note that the hot-tool temperatures for weld pene-
trations of 0.25 and 0.66 mm were different — 305—410 and
320-458C, respectively.

The open symbols in Fig. 2, connectedthin lines, show
the relative weld strength (data from Table 2) for a weld
penetration of 0.25 mm as a function the hot-tool tempera-
ture for three heating times of 10, 15, and 20 s (indicated,
respectively, byopencircles, triangles, and squares). The
relative weld strength is based on a resin strength of

temperature, with the heating time as parameter. Circles, triangles, and111.6 MPa. For a heating time ¢f = 10 s relative weld

squares correspond, respectively, to heating times of 10, 15, and 20s.

strengths lie in the range 9—-42% for hot-tool temperatures in

Open symbols (connected by thin lines) and solid symbols (connected by the rangeT, = 365-410°C; the maximum relative strength

thick lines) correspond to weld penetrations and 0.25 and 0.66 mm, respec-

tively. The melt penetration was maintained at 0.13 mm and the seal time
was 10 s.

of 42% is obtained afy = 365°C. The corresponding fail-
ure strains are in the range 0.24-1.46%.trox 20 s rela-

tive weld strengths ranging from 14 to 36% are obtained for
Ty = 305410°C,; failure strain are in the range 0.7-1.3%.

specimen. Also, debris from an unclean surface could be The maximum weld strength of 36% is obtainedTat=

transferred to the molten surface — the resulting contam-
ination could affect weld strength. The hot-tool surfaces

38C°C. Forty = 20 s relative weld strengths of 19-32% are
obtained forTy = 30541C°C. The failure strains for this

were examined and cleaned after each test. Cleaning wagemperature range vary from 0.61 to 1.04%. Thus, for a weld

more difficult at higher hot-tool temperatures and longer
heating times.

4. Weld strength of PEI

In this paper, the total timg;, =ty + ty, = ty for which
the specimen is in contact with the hot-tool will be referred
to as the heating time; melt penetration will refer to the
distance o (Fig. 1); weld penetration will refer to the
distancedy; and the timet, will be referred to as the seal
time. For the data in this paper, the process parameters wer
varied as follows: hot-tool temperatures frofg = 305 to
455°C; heating times oty = 10, 15, and 20 s; two melt
penetrations of; = 0 and 0.13 mm; three weld penetra-
tions of &y = 0.25, 0.66, and 0.91 mm; and a constant
seal time oft,, = 10 s. The weld specimens were cut from
3.2- and 6.2-mm-thick injection-molded PEI plaques.

4.1. Weld strength of 3.2-mm-thick PEI specimens

Strength and ductility data for 3.2-mm-thick PEI speci-
mens, at a nominal strain rate of 0.0 sas functions of the

penetration of 0.25 mm, relative strengths of about 40% can
be attained over a hot-tool temperature window of 350—
395°C for a heating time of 10s. The attainable weld
strengths at higher heating times are lower.

The filled symbols in Fig. 2, connected llyick lines,
show the weld strength (data from Table 2) for the higher
weld penetration of 0.66 mm as a function the hot-tool for
three heating times of 10, 15, and 20 s (indicated, respec-
tively, by filled circles, triangles, and squares). For a heating
time ofty = 10 s relative weld strengths of 13—72% can be
obtained in the hot-tool temperature rangé, =

%20—455@. The corresponding failure strains are in the

range 0.5—-2.9%. The relative strength is greater than 67%
in the temperature range of, = 380-44C°C, with a maxi-
mum relative strength of 72% afy = 44C°C. In this
temperature range the failure strains are greater than
2.7%. Forty = 15 s relative weld strengths of about 14—
71% are obtained fof, = 320455 C-failure strain are in

the range 0.4-2.9%. Fay = 20 s relative weld strengths

of 21-71% are obtained fofy = 320-455°C, the maxi-
mum strength being achieved &t = 350°C. The failure
strains for this temperature range vary from 0.7 to 2.8%.

hot-tool temperature and the heating time, are listed in Table Thus, for a weld penetration of 0.66 mm, relative strengths
2. The PEI specimens had a yield strength of 111.6 MPa andof about 70% can be attained over a hot-tool temperature

ayield strain of 7.1%. The melt penetration was maintained

window of 350-44€C. Clearly, the hot-tool temperature

at 0.13 mm, the seal time was kept constant at 10 s, and twowindow for high strength is widest fay, = 10 s

weld penetrations of 0.25 and 0.66 mm were used. The first

column in this table shows that the hot-tool temperature was
varied between 305 and 4%5. The second column shows

For a melt penetration of 0.13 mm, the highest weld
strengths are clearly obtained at the higher weld penetration
of n = 0.66 mm for which relative strengths of about 70%



Table 3
Strength and ductility data for hot-tool welds of 3.2-mm-thick PEI specimens, at a strain eate 6f01 s X, as functions of the hot-tool temperature and the heating time, for two melt penetrations of 0 and
0.13 mm. The weld penetration was maintained at 0.66 mm and the seal time was kept constant at 10 s

Hot-tool Heating Weld strength (MPa) Relative weld streng(eo) Failure straifi (%) Al (mm) Differential penetration
temperature°C) time (s) An(AnT) (1072 mm) <
=
6 =00mm §,=013mm & =00mm & =013mm 5 =0.0mm § =013mm § =00mm §,=0.13mm § =00mm = 0.13 mm 0
3
350 10 19.2 18.5 17 17 0.57 0.54 1.13 1.50 19 (35) 8 (24) g
365 10 41.0 32.7 37 29 1.30 0.98 121 1.58 11 (27) 0(16) ~
380 10 51.5 76.7 46 69 1.73 2.71 1.37 1.61 —-5(13) -3 (15) g
395 10 93.4 78.6 84 70 3.73 2.86 1.44 1.70 —12 (6) —12 (6) ‘§
@
350 15 67.8 65.9 61 59 2.40 2.25 1.24 1.59 8(28) -1(19) N
365 15 81.7 79.1 73 71 3.00 2.86 1.36 1.67 —4 (16) -9 (11) g
380 15 91.5 76.5 82 69 3.59 2.78 1.47 1.71 —15(7) -13(9) §
395 15 89.3 66.5 80 60 3.35 2.27 151 1.72 -19(3) —14 (8) B
-
350 20 89.6 79.4 80 71 3.55 2.81 141 1.59 -9 (13) -1(21) o
365 20 80.7 67.1 72 60 - 2.34 1.44 1.73 -12 (12) -15(9) 4
380 20 78.2 55.8 70 50 2.95 1.90 1.45 1.70 —13 (11) —-12 (12) N
395 20 61.4 46.2 55 41 2.38 1.59 1.56 1.73 —24(2) —15 (11)

2 g9 = 1116 MPa
b g =7.1%.
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Fig. 3. Weld strength of 3.2-mm-thick PEI as a function of the hot-tool
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The data in the last two columns of Table 2 do show the
following trends that are consistent with expectations based
on the underlying physics: First, at any fixed heating ttme
in most casednt decreases with increases in the hot-tool
temperatureTy; this is to be expected because higher
temperatures result in thicker molten layers thereby allow-
ing for the hot-tool stops to come closer before the melt
freezes off. Second, for a fixed hot-tool temperature, in
most casednt again decreases with increases in the melt
time; this is explained by increased heating times resulting
in thicker molten films.

4.1.1. Effect of melt penetration

To study the effect of the melt penetration, a limited
series of tests at four hot-tool temperaturesTgf= 350,
365, 380, and 39% and three heating times of 10, 15 and

temperature, with the heating time as parameter. Circles, triangles, and20 S, were done at a melt penetration dgf= 0 mm and
squares correspond, respectively, to heating times of 10, 15, and 205s.5; = 0.66 mm The data for these tests, in the same format
Open symbols (connected by thin lines) and solid symbols (connected by 35 the data in Table 2, are listed in Table 3. In this table, the

thick lines) correspond to melt penetrations and 0 and 0.13 mm, respec-

tively. The weld penetration was maintained at 0.66 mm and the seal time
was 10 s.

can be obtained fofy = 350-44CF°C. Over this fairly wide
weld process window ofy = 350-440°C, the welds exhibit
a fair amount of ductility, with failure strains in the range of
2.7-2.9%. For the lower weld penetration of 0.25 mm, the
obtainable weld strengths are lower er = 70% over a
hot-tool temperature window of 350-3%5 with a maxi-
mum of oy = 42% atTy = 365°C.

Earlier, it was argued thaf,thermal expansion effects are
neglected, then the differential penetratidpn = 0, and that
stops doand do not contactwh&n = 0 andAn > 0, respec-

data for§y = 0.13 mm have been obtained from Table 2.
For 6y = 0.66 mm the variations of the relative weld
strengths for§; = 0 and 0.13 mm are shown in Fig. 3 by
the open and closed symbols, respectively. As before
circles, triangles, and squares correspond, respectively, to
melt times of 10,15, and 20 s.

A comparison of the data for these two melt penetrations
shows that, except for one set of conditiodg & 380°C
andty = 10 s) the weld strength is systematically higher at
the lower melt penetration. For the lower melt penetration of
0 mm, relative weld strengths higher than 80% were
obtained at several process conditiog:= 395C, t, =
10s Ty = 380-395C, ty =15s and Ty = 350C, ty =
20 s The highest weld strength of 84% was obtained at

tively. However, when thermal expansion at the heated ends of-|-H = 395C, t, = 10 s Also, the relative weld strength is
the specimens is accounted for, a better measure for whether ogreater than 70% fof,, = 350-395°C, t, = 15 5 and for

not stops come into contact ¥nr = 0. The second last
column (data for the smaller weld penetration of 0.25 mm)
in Table 2 show thatAn has negative values. Although
the corresponding values dfn; are larger, as expected,
most of them are still negative. For the larger weld penetra-
tion of 0.66 mm, the last column in Table 2 shows that while
An is positive over a range of low hot-tool temperatures, it
is still negative at higher temperatures. Howeukn is
positive over the same temperature range.

One explanation for this discrepancy would be errors in
the measurements 6§ and the weld penetratio®y,. Instead

Ty = 350-38C°C, ty = 20 s Clearly, for this thickness of
the material, at the lower melt penetration of 0 mm substan-
tially higher weld strengths of about 84% can be obtained in
comparison to a strength of about 70% for the higher melt
penetration of 0.13 mm.

4.2. Weld strength of 6.2-mm-thick PEI specimens

Because tests on 3.2-mm-thick material showed that
higher strengths are obtained at a higher weld penetration
but a lower melt penetration, for the 6.2-mm-thick material

of the two stops shown in the schematic in Fig. 1, contact is tests were first done at a weld penetration of 0.66 mm, at two
actually determined by four stops on each side. The diffi- melt penetrations of 0 and 0.13 mm, and a constant seal time
culty in establishing even contact among the four stops on of 10 s. Repeatability data were also acquired for these test
each side could result in errors & and 6. A combined conditions. Then, to determine whether still higher weld
small increase ob = 6y + 64 = 0.1 mm would make all  strengths could be achieved by increasing the weld penetra-
values ofAn greater than or equal to zero. This argument tion, additional weld tests were done at weld and melt pene-
is supported by the fact that, for the same process condi-trations of 0.91 and 0.13 mm, respectively. In these tests, the
tions,An+ is mostly larger for the larger weld penetration of hot-tool temperature was varied in the range of 320-
0.66 mm — any systematic error in the measurements 455°C at intervals of 15 Data for melt penetrations of
would be a smaller fraction of larger settings. 0.66 and 0.91 mm are compared first, after which the



Table 4
Strength and ductility data for hot-tool welds of 6.2-mm-thick PEI specimens, at a strain eate 601 s 1, as functions of the hot-tool temperature and the heating time, for two weld penetrations of 0.66 and
0.91 mm. The melt penetration was maintained at 0.13 mm and the seal time was kept constant at 10 s

Hot-tool Heating Weld strength (MPa) Relative weld streng(Bo) Failure straifi (%) Al (mm) Differential penetration
temperature®C) time (s) An (An7) (102 mm)

8y = 0.66 mm &y = 0.91 mm &y = 0.66 mm &y = 0.91 mm &y = 0.66 mm &y = 0.91 mm & = 0.66 mm &y = 0.91 mm &, = 0.66 mm &y = 0.91 mm

320 10 17.8 - 16 - 0.54 - 0.37 - 121 (135) -

335 10 29.5 34.0 26 30 0.83 1.08 0.51 0.45 107 (123) 163 (179)

350 10 38.6 488 35 44 1.20 1.57 0.63 0.69 95 (111) 139 (155)

365 10 43.3 70.4 39 63 1.39 2.32 0.76 0.88 82 (98) 120 (136)

380 10 4138 63.7 37 57 1.37 2.15 1.02 1.06 56 (74) 102 (120)

395 10 48.4 60.8 43 54 1.55 2.09 1.16 1.28 42 (60) 80 (98)

410 10 52.7 701 47 63 1.63 2.32 1.13 1.36 45 (63) 72(90) <
425 10 56.0 86.6 50 78 1.76 2.39 1.12 1.46 46 (66) 62(82) *
440 10 85.3 86.2 76 77 3.19 2.38 1.33 1.55 25 (45) 53(73) &
455 10 81.8 81.5 73 73 2.99 2.38 1.36 1.67 22 (44) 4163 @
320 15 25.2 - 23 - 1.10 - 0.81 - 77 (95) - 3
335 15 36.5 54.7 33 49 1.19 1.98 1.06 1.13 52 (70) 95(113) &
350 15 39.5 60.7 35 54 1.19 1.98 1.06 1.13 52 (72) 95 (115) 2
365 15 44.9 472 40 42 1.39 1.57 1.20 1.34 38 (58) 74(94) ~
380 15 65.3 65.4 58 59 2.12 2.30 1.31 1.48 27 (49) 60(82) N
395 15 76.8 66.5 69 60 2.69 2.06 1.30 1.77 28 (50) 31(83) 8
410 15 83.0 67.3 74 60 3.08 2.32 1.41 1.90 17 (41) 18(42) B
425 15 74.8 81.3 67 73 2.77 2.41 1.27 1.96 31 (55) 12(36)
440 15 71.2 69.4 64 62 2.48 2.35 1.41 2.02 17 (41) 6(30) ¢
455 15 63.7 86.7 57 78 2.23 2.30 1.45 2.07 13 (39) 12 g
320 20 29.7 - 27 - 0.93 - 0.85 - 73 (93) -

335 20 29.8 63.1 27 57 0.85 2.18 1.15 1.11 43 (63) 97 (119)

350 20 48.1 65.7 43 59 1.48 2.08 1.24 1.45 34 (56) 63 (85)

365 20 82.4 60.5 74 54 2.95 2.05 1.30 1.73 28 (50) 35 (59)

380 20 84.6 65.5 76 59 3.07 2.21 1.26 1.94 32 (56) 14 (38)

395 20 80.5 91.1 72 82 2.86 2.39 1.39 1.90 19 (45) 18 (44)

410 20 715 94.6 64 85 2.55 2.36 1.44 2.09 14 (40) —1(25)

425 20 62.7 90.1 56 81 2.14 2.26 1.50 2.12 8(36) —4(24)

440 20 55.3 89.3 50 80 1.87 2.38 1.46 2.17 12 (40) —9 (19)

455 20 48.0 78.3 43 70 1.65 2.40 1.50 2.30 8(36) —22(8)

3 gy = 1116 MPa
b g =7.1%

€8.
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100 show weld strength (data from Table 4) for the higher
weld penetration of 0.91 mm, as a function the hot-tool
temperature for three heating times of 10, 15, and 20 s
(indicated, respectively, by circles, triangles, and squares).
A comparison of the data in columns five and six in Table 2
shows that, except at four test conditiog & 395 and
410C, ty =155 Ty =365 and 38EC, t,; =20s), the
weld strengths are systematically higher for the larger
weld penetration of 0.91 mm. For a heating timetgf=
10 s although the weld strengths are systematically higher
at the larger weld penetration, the maximum achievable
S — strengths are about the same. This is also truetfoe
300 350 400 450 500 15 s although the maximum strengths are only marginally
higher at the higher weld penetration. For a heating time of
ty = 20 5 the highest weld strength of 85% for a weld
Fig. 4. Weld strength of 6.2-mm-thick PEI as a function of the hot-tool penetration 0f 0.91 mm is substantially larger than the high-
temperature, with the heating time as parameter. Circles, triangles, and€st strength of 76% attained at the lower weld penetration of
squares correspond, respectively, to heating times of 10, 15, and 20s.0.66 mm. This highest weld strength is of the same order as
Open_symbols (connected by thin Iines_) and solid symbols (connected by the highest weld strengths attained in 3.2-mm-thick speci-
thlckllnes) correspond tqweld penetrations and 0.66 and 0.91 mm, respec- i ans (Table 3) for a melt penetration of 0 mm. By and
tively. The melt penetration was maintained at 0.13 mm and the seal time . . .
was 10's. large, the failure strains track the weld strength; the failure
strains are greater than 2.3% for relative weld strengths
greater than 70%.
repeatability of data for a weld penetration of 0.66 mm  The following sequence of macrographs show the top and

RELATIVE STRENGTH (%)
0
)

HOT-TOOL TEMPERATURE (C)

is discussed. side views of the fracture surfaces of several welds for a
Strength and ductility data for 6.2-mm-thick PEI speci- heating time of 20 s, melt and weld penetrations of 0.13 and
mens, at a nominal strain rate of 0.0%sfor two weld 0.91 mm, respectively, and a seal time of 10 s. Fig. 5a and b

penetrations of 0.66 and 0.91 mm, at a fixed melt penetra-correspond to the weld made g = 38C°C, which has a
tion of 0.13 mm, as functions of the hot-tool temperature relatively low weld strength of 59%. Clearly, the failure has
and the heating time, are listed in Table 4. occurred through the center of the weld, where the molten
The open symbols in Fig. 4, connected by thin lines, show surfaces of the two specimens came together. Although
the weld strength (data from Table 4) for a weld penetration material flowed outward, as evidenced by the material in
of 0.66 mm as a function the hot-tool temperature for three the “bead,” the hot-tool surface temperature was not suffi-
heating times of 10,15, and 20 s (indicated, respectively, by cient for forming a strong weld. The top view (Fig. 5b)
the open circles, triangles, and squares). For a heating timeshows that while the weld “bead” has a large number of
of ty = 10 s the relative weld strength is less than or equal bubbles, the weld fracture surface has a relatively small
to 50% except for hot-tool temperatures in the range 440— number of bubbles, all of which are rather small. Notice
455°C. The relative weld strengths are 76 and 73%at= from Fig. 5b that the molten and resolidified material in
440 and 45%C, respectively; the corresponding failure the weld zone is not of uniform thickness, being thin at
strains are 3.2 and 3%. Fgr = 15 s the relative strengths  the center and progressively becoming thicker at the ends
are greater than or equal to 57% for hot-tool temperatures inwhere it merges into the bead. In comparison to PC and PBT
the range 380—45E&, greater than or equal to 64% in the welds [1,2], this thickness variation is more pronounced in
temperature range 395—441) and 74% at 41. The fail- PEI. At the higher hot-tool temperatures used for PEI, radi-
ure strains in the temperature range 380-°€5ke in the ant heating of the lateral surfaces contributes to softening
range 2.1-3.1%. Foty = 20 s the relative strengths are  and melting of thicker layers near the specimen surfaces.
greater than 64% for hot-tool temperatures in the range The boundary between the heat-affected zone (HAZ)
365-410C, greater than or equal to 72% in the temperature (lighter shade) and the base material (darker shade) which
range 365—39%, with a maximum of 76% at 38C. The did not see a sufficient temperature increase is indicated by
failure strains in the temperature range 380—=€2% in the different shades caused by changes in the refractive index.
range 2.6—3.1%. Thus, for a melt penetration of 0.13 mm, Fig. 6a and b show the top and side views of the fracture
relative strengths of the order of 70—75% can be attained surfaces of the weld made &, = 395°C, which has a
over hot-tool temperature ranges of 440-455, 398—-425, andrelatively high weld strength of 82%. The weld failed
365-395C for heating times of 10, 15, and 20 s, respec- both in the resolidified weld zone as well as at the interface
tively. The corresponding failure strains are of the order of of the HAZ with the base material. The side view in Fig. 6b
3%. shows the material from the HAZ pulled away from the base
The filled symbols in Fig. 4, connected by thick lines, material in regions close to the specimen surfaces. This
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Fig. 5. Fracture surfaces of 6.2-mm-thick PEI specimens for hot-tool weld Fig. 6. Fracture surfaces of 6.2-mm-thick PEI specimens for hot-tool weld
made afl,; = 380°C, a heating time of 20 s, melt and weld penetrations of made afl,; = 395°C, a heating time of 20 s, melt and weld penetrations of
0.13 and 0.91 mm, respectively, and a seal time of 10 s. (a) Top view, and 0.13 and 0.91 mm, respectively, and a seal time of 10 s. (a) Top view, and
(b) side view. (b) side view.

material can be expelled outward during the tensile tests, has a relative weld strength of 70%. Here again, most of the
leaving grooves on the sides that can be seen in the leftweld bead was ejected during tensile failure. The main
region of the top view in Fig. 6a. In this specimen, most difference of the fracture surface for this specimen from
of the weld “bead” was ejected during tensile failure; the those welded at lower temperatures is presence of large
weld fracture surface has a relatively small number of bubbles.
bubbles, all of which are larger than in the specimen  Thus, in the higher strength welds, all made at hot-tool
shown in Fig. 5a. temperatures in the range of 395-2@0the failure occurs
Fig. 7a and b show the top and side views of the fracture mostly at the interface of the HAZ with the base material.
surfaces of the weld made Bt = 410°C, which had the high- During failure in these welds, the thick HAZ at the edges is
estrelative weld strength of 85%. In this specimen, the bulk of ejected out during failure, creating grooves near the speci-
the failure occurred at the interface between the HAZ and the men surfaces. At the higher weld temperature of’@4%he
base material. Again, notice the grooves at the edges caused bfracture surface also has these edge grooves; the reduced
this failure mode. The failure surfaces for this weld are very strength (70%) is most likely caused by the presence of
similar to those of the specimen in Fig. 6, except that the bubbles.
former has a larger number of bubbles on the failure surface.
The failure surfaces for the welds madeTaf = 425 and 4.2.1. Effect of melt penetration
440C are very similar to those for the ones made at 395 and  Strength and ductility data for 6.2-mm-thick PEI
41CC. specimens, at a nominal strain rate of 0.0, or a fixed
Finally, Fig. 8a and b show the top and side views of the weld penetration of 0.66 mm, at two melt penetrations of 0
fracture surfaces of the weld madeTat = 455°C, which and 0.13 mm, as functions of the hot-tool temperature and
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Fig. 8. Fracture surfaces of 6.2-mm-thick PEI specimens for hot-tool weld
made afl, = 455°C, a heating time of 20 s, melt and weld penetrations of
0.13 and 0.91 mm, respectively, and a seal time of 10 s. (a) Top view, and
(b) side view.

Fig. 7. Fracture surfaces of 6.2-mm-thick PEI specimens for hot-tool weld
made afl; = 410°C, a heating time of 20 s, melt and weld penetrations of
0.13 and 0.91 mm, respectively, and a seal time of 10 s. (a) Top view, and
(b) side view.

the heating time, are listed in Table 5. The data for the ture range 365—38C. The failure strains in the temperature

higher melt penetration of 0.13 mm are from Table 4. range 350—-42% lie in the range 2.1-3%. Thus, for a melt
The variations of the relative weld strengths &= 0 penetration of 0 mm, relative strengths of the order of 75%

and 0.13 mm are shown in Fig. 9 by the open and closed can be attained over hot-tool temperature ranges of 395—

symbols, respectively. As before open circles, triangles, and425C and 365-38@ for heating times of 15 and 20 s,

squares correspond, respectively, to melt times of 10, 15, respectively. The corresponding failure strains are of the

and 20 s. As in the 3.2-mm-thick specimen case, the relative order of 2.8%.

weld strength is based on a resin strength of 111.6 MPa. For A comparison of Fig. 9 with Fig. 3 shows that, for 6.2-

a heating time ofty = 10 s the relative weld strength is  mm-thick specimens, the melt penetration appears to have a

lower than 51% for all but four temperatures (410—456 much smaller effect on weld strength (columns five and six

with a maximum of 73% at 44C. Forty = 15 s the rela- in Table 5) than was observed in 3.2-mm-thick in specimens

tive strengths are greater than 55% for hot-tool temperatures(columns five and six in Table 3).

in the range 380-45&, greater than 70% in the

temperature range 380—4%25 and 74—75% in the tempera-  4.2.2. Repeatability of test results

ture range 395—41C. The failure strains in the temperature Most of the data in this paper were obtained from one test

range 380—-45% lie in the range 2.1-3.0%. Fg§ =20 s for each condition. To evaluate the repeatability of

the relative strengths are greater than 52% for hot-tool weld strength data, sets of five repeat tests were done on

temperatures in the range 350-2@0greater than 61% in  6.2-mm-thick PEI specimens at each of the following condi-

the temperature range 365—4€5greater than 70% in the tions: at three hot-tool temperaturdg = 315 410, and

temperature range 365—-395 and 75-78% in the tempera- 425C for ty, = 15s and §, = 0 mm; at three hot-tool



Table 5
Strength and ductility data for hot-tool welds of 6.2-mm-thick PEI specimens, at a strain eate 601 s %, as functions of the hot-tool temperature and the heating time, for two melt penetrations of 0 and
0.13 mm. The weld penetration was maintained at 0.66 mm and the seal time was kept constant at 10 s

Hot-tool Heating Weld strength (MPa) Relative weld streng(®o) Failure straifi (%) Al (mm) Differential penetration
temperature®C) time (s) Amn (An7) (1072 mm)

0 =0.0mm § =013mm 5 =00mm & =013mm & =00mm &, =013mm 5 =00mm & =0.13mm § =00mm §,=0.13mm

320 10 ¢ 17.8 0 16 - 0.54 - 0.37 - 121 (135)
335 10 d 295 0 26 - 0.83 - 0.51 - 107 (123)
350 10 11.5 38.6 10 35 0.36 1.20 0.39 0.63 93 (109) 95 (111)
365 10 44.0 43.3 39 39 1.31 1.39 0.73 0.76 59 (75) 82 (98)
380 10 45.0 41.8 40 37 1.37 1.37 0.70 1.02 62 (80) 56 (74)
395 10 47.9 48.4 43 43 1.45 1.55 0.95 1.16 37 (55) 42 (60)
410 10 59.1 52.7 53 47 1.83 1.63 1.05 1.13 27 (45) 45 (63)
425 10 62.0 56.0 56 50 2.08 1.76 1.00 1.12 32 (52) 46 (66) <
440 10 81.5 85.3 73 76 2.84 3.19 1.06 1.33 26 (46) 25 (45) ~
455 10 56.8 81.8 51 73 1.73 2.99 1.12 1.36 20 (42) 22(44) 2
g
320 15 d 25.2 0 23 - 1.10 - 0.81 - 77 (95) %
335 15 7.5 36.5 7 33 0.29 1.19 0.50 1.06 82 (100) 52(70) o
350 15 39.4 39.5 35 35 1.09 1.19 0.72 1.06 60 (80) 52 (72) %
365 15 40.6 44.9 36 40 1.15 1.39 0.96 1.20 36 (56) 38 (58) %
380 15 78.3 65.3 70 58 2.59 2.12 1.05 1.31 27 (49) 27 (49) ;
395 15 83.1 76.8 74 69 2.76 2.69 1.02 1.30 30 (52) 28 (50) 2
410 15 84.2 83.0 75 74 3.00 3.08 1.15 1.41 17 (41) 17 (41) §
425 15 81.6 74.8 73 67 2.83 2.77 1.16 1.27 16 (40) 31(55) &k
440 15 68.4 71.2 61 64 2.27 2.48 1.25 1.41 7 (31) 17 (41) 3
455 15 61.5 63.7 55 57 2.10 2.23 1.30 1.45 2 (28) 13 (39) ‘l"'
.4

320 20 19.1 29.7 17 27 0.50 0.93 0.56 0.85 76 (96) 73 (93) N
335 20 34.0 29.8 30 27 0.94 0.85 0.77 1.15 55 (77) 43 (63)
350 20 63.7 48.1 57 43 2.06 1.48 1.14 1.24 18 (40) 34 (56)
365 20 83.9 82.4 75 74 2.78 2.95 1.15 1.30 17 (41) 28 (50)
380 20 87.0 84.6 78 76 2.98 3.07 1.19 1.26 13 (37) 32 (56)
395 20 77.7 80.5 70 72 2.73 2.86 1.17 1.39 15 (41) 19 (45)
410 20 74.1 715 66 64 2.50 2.55 1.24 1.44 8 (34) 14 (40)
425 20 68.4 62.7 61 56 2.39 2.14 1.28 1.50 4 (32) 8 (36)
440 20 57.6 55.3 52 50 2.01 1.87 1.15 1.46 17 (45) 12 (40)
455 20 49.8 48.0 45 43 1.76 1.65 1.31 1.50 1(31) 8 (36)

2 g9 = 1116 MPa

P g =7.1%.

¢ Did not weld.

4 Fell apart during welding.
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100 structure of the weld bead more clearly. The squeeze flow
during the final joining phase squeezes the bubble trapped at
the weld interface outward. This can be seen from the outer
edges of the beads being bubble rich. Notice that away from
the central HAZ core, the material flowing into the bead
does not have any bubbles. This HAZ corresponds to the
five tests in which a mean relative weld strength of 72% was
achieved with a small variance of 3.4%.

Fig. 11 shows the macrograph of the weld zone corre-
sponding to conditions for the five repeat tests the data for
which are summarized in the eighth row of Table 7. This
i weld was made at a higher hot-tool temperaturel o=
500 38C°C. In this weld, the bubbles in the HAZ are elongated

by the squeeze-flow flow field. Also, during the last phase of
welding shown in this figure, the central, bubble-filled HAZ
Fig. 9. Weld strength of 6.2-mm-thick PEI as a function of the hot-tool Co!’e appears _to et through.the bead, setting up a reC|r_Cu-
temperature, with the heating time as parameter. Circles, triangles, andlating pattern in the bead. This HAZ corresponds to the five
squares correspond, respectively, to heating times of 10, 15, and 20 s.tests in which a mean relative weld strength of 79% was
Open symbols (connected by thin lines) and solid symbols (connected by gchieved with a small variance of 1.8%.
t_hick lines) correspond t_o melt pengtrat_ions and 0 and 0.13 mm, respec- Fig. 12a and b show, respectively, the representative frac-
tively. The weld penetration was maintained at 0.66 mm and the seal time "
was 10's. ture surfaces for the repeat welds made at the conditions
corresponding to those for the HAZs shown in Figs. 10
and 11. Both these weld fracture surfaces, made at a weld
temperaturey = 365 410, and 39%C for ty = 20 s and penetration of 0.66 mm, are similar to those for welds made
8o =0 and 0.13 mm. The seal time was 10 s in all these at the higher weld penetration of 0.91 mm.
tests. The data for these tests are listed in Table 6.

Mean values and standard deviations for these sets of five#-3. Comparison with vibration welds

repeat tests are listed in Table 7. The highest average weld

strengths of 88 MPa are obtained at the following three hThe Y['t.’rat'ﬁn Wetlglntg of '.DEI IS d||sctgssed Ilg Rtef. [?1
temperature, heating time, and melt penetration settings:Wf etr)e It 'fogcyown ah.maxtl)rFuTh r?.a'vti wet t's re:[ng fh
(Tu, t, 8) = (410C, 155 0 mm), (38C°C, 20 s, 0 mm), of abou b are achievable, that is, the static streng

and (380C, 20's, 0.13 mm). At these three conditions, the of PEI vibration. welds can be as high as that of the resin.
standard deviation in weld strength is less than 3.5%. For aIITh;JS'_the maximum relative strength _Of hot-tool welds,
the conditions listed in Table 7, the standard deviations in 85 /(;1 ISI clearly llower than thﬁt fofr wbrz;tlon Wlelds.ld

strength are less than 7%. The average failure strains arel.kTI € owlerfre atlvbe st[)endgt S0 PE'. oht-toFc:E;Ne s.most
about 2.5% with a standard deviation of less than 13%. The <" result from absorbed moisture in the specimens

standard deviation in length changes is less than 7% for aIIformlng bubbles n the molten mater.|al. PEI Is knpwn o
the conditions listed in this table absorb more moisture than PC. This also explains why

In contrast to welds of PC [1] and PBT [2], the data in af[taining high strengths in_ vibration welds (_)f PEI requires
Tables 6 and 7 show that botim and Any are positive, high weld pressures at which bubblgs are either npt formed
thereby indicating that stops do come into contact during the or cannot grow in size. HOHOOl we!dmg with stops is a low-
final joining phase. This is also shown by the much tighter pressure process in which nucleation and growth of bubbles
control of the final specimen dimensions, as reflected by cannot be controlled.
having a low variance in the range of 1.5-6.5%.

Fig. 10 shows the macrograph of the weld zone corre- 5. Concluding remarks
sponding to conditions for the five repeat tests the data for
which are summarized in the seventh row of Tablg (= It has been shown that strengths as high as 85% of the
365°C). The full view of the weld zone clearly shows that strength of the base resin can be attained in hot-tool welds of
the HAZ is thinnest at the center, increasing to almost twice PEI specimens. For the weld process conditions studied,
this thickness at the edges. This shape results from radiativehigher weld strengths in the 3.2-mm-thick material were
heating of the specimen lateral surfaces while the specimenobtained at the higher weld penetration of 0.66 mm and
is in contact with the hot tool during the heating phase. At the lower melt penetration of 0 mm — the maximum
the end of the heating phase, this radiative heating results instrengths measured was 84%; the widest process window
the molten layer being thicker at the outer edges. The full occurs forty, = 10 s §; = 0.13 mm anddy = 0.66 mm for
view also shows bubbles distributed in the central plane of which relative weld strengths of about 70% can be obtained
the HAZ. The close-up view shows these bubbles and the for hot-tool temperatures in the ran§ig = 380-440°C. The
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Table 6
Strength and ductility data for hot-tool welds of 6.2-mm-thick PEI specimens, at a strain tate 601 s 1, as functions of the hot-tool temperature and the heating time, for a weld penetration of 0.66 mm
seal time was kept constant at 10 s. Two melt penetrations of 0 and 0.13 mm were used. A set of five specimens were tested at each test condition

Hot-tool Heating Weld strength (MPa) Relative weld strengy(eno) Failure straifi (%) Al (mm) Differential penetration
temperature°C) time (s) An(An7) (1072 mm)

6 =0.0mm & =013mm §=00mm & =013 mm 5 =0.0mm & =013 mm §=00mm 5 =013mm  =00mm §,=0.13mm

395 15 815 - 73 - 2.35 - 1.11 - 21 (43) -
395 15 89.7 - 80 - 2.33 - 1.11 - 21 (43) -
395 15 83.1 - 74 - 2.76 - 1.02 - 30 (52) -
395 15 90.7 - 81 - 2.42 - 1.09 - 23 (45) -
395 15 82.1 - 74 - 2.33 - 0.98 - 34 (56) -
410 15 88.5 - 79 - 2.31 - 1.23 - 9 (33) -
410 15 84.2 - 75 - 3.00 - 1.15 - 17 (41) -
410 15 90.4 - 81 - 2.35 - 1.15 - 17 (41) -
410 15 915 - 82 - 2.36 - 1.10 - 22 (46) -
410 15 85.4 - 77 - 2.34 - 1.03 - 29 (53) -
425 15 83.5 - 75 - 2.38 - 1.20 - 12 (36) -
425 15 82.1 - 74 - 2.32 - 1.16 - 16 (40) -
425 15 79.5 - 71 - 2.36 - 1.24 - 8 (32) -
425 15 81.6 - 73 - 2.83 - 1.16 - 16 (40) -
425 15 83.6 - 75 - 2.45 - 1.24 - 8 (32) -
365 20 716 85.2 64 76 2.10 2.28 1.07 1.30 25 (49) 28 (52)
365 20 84.8 75.0 76 67 2.34 2.30 1.10 1.33 22 (46) 25 (49)
365 20 78.0 79.1 70 71 2.28 2.32 1.07 1.32 25 (49) 26 (50)
365 20 83.9 82.4 75 74 2.78 2.95 1.15 1.30 17 (41) 28 (52)
365 20 79.0 80.8 71 72 2.31 2.29 1.09 1.29 23 (47) 29 (53)
380 20 86.7 89.5 78 80 2.26 2.27 1.19 1.30 13 (37) 28 (52)
380 20 86.7 89.4 78 80 2.33 2.37 1.14 1.35 18 (42) 23 (47)
380 20 89.2 88.1 80 79 2.34 2.35 1.14 1.36 18 (42) 22 (46)
380 20 89.8 88.5 80 79 2.32 2.24 1.14 1.32 18 (42) 26 (50)
380 20 87.0 84.6 78 76 2.98 3.07 1.19 1.26 13 (37) 32 (56)
395 20 85.4 85.6 77 77 2.31 2.38 1.22 1.32 10 (36) 26 (52)
395 20 91.9 83.4 82 75 2.29 2.34 1.23 1.38 9 (35) 20 (46)
395 20 77.7 80.5 70 72 2.73 2.86 1.17 1.39 15 (41) 19 (45)
395 20 83.3 85.8 75 77 2.38 2.34 1.24 1.36 8 (34) 22 (48)
395 20 87.1 76.4 78 68 2.36 2.20 1.17 1.37 15 (41) 21 (47)

2 09 = 1116 MPa
b g =7.1%.
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Table 7

061

Repeatability of strength and ductility for hot-tool welds of 6.2-mm-thick PEI specimens as functions of the hot-tool temperature and therteedthmield penetration was maintained at 0.66 mm, and the

seal time was kept constant at 10 s. Two melt penetrations of 0 and 0.13 mm were used. The averages and deviations are based on sets of five testsditieactdtatfrom Table 6)

Hot-tool temperature°’C)  Heating Melt penetration Weld strength (MPa) (percent  Failure straifl (%) Al (mm) Differential

time (s) 8o (mm) relative weld strength penetratiomAn

(A7) (1072 m)

Average Standard deviation ~ Average  Standard deviation = Average  Standard deviation Average

395 15 0 85.4 (77) 4.4 (3.9) 2.4 0.2 1.1 0.06 22 (44)
410 15 0 88.0(79) 3.1(2.8) 25 0.3 1.1 0.07 22 (46)
425 15 0 82.1 (74) 1.7 (1.5) 2.5 0.2 1.2 0.04 12 (36)
365 20 0 79.5(71) 5.3(4.7) 24 0.3 1.1 0.03 22 (46)
380 20 0 87.9(79) 15(1.3) 24 0.3 1.2 0.03 12 (36)
395 20 0 85.1(76) 5.2 (4.7) 24 0.2 1.2 0.03 12 (38)
365 20 0.13 80.5(72) 3.8(3.4) 2.4 0.3 1.3 0.02 28 (52)
380 20 0.13 88.0(79) 2.0(1.8) 25 0.3 13 0.04 28 (52)
395 20 0.13 82.4 (74) 3.9(3.5) 2.4 0.3 1.4 0.03 18 (44)

3 gy = 1116 MPa
b g =7.1%
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Fig. 10. Macrograph of weld zone in a 6.2-mm thick specimen welded ata fgjg 11, Macrograph of weld zone in a 6.2-mm thick specimen welded at a
hot-tool temperature of 366, a melt time of 20 s, melt and weld penetra-  p5t_to0l temperature of 38G, a melt time of 20 s, melt and weld penetra-
tions of 0.13 and 0.66 mm, respectively, and a seal time of 10 s. (a) Full tions of 0.13 and 0.66 mm, respectively, and a seal time of 10's. (a) Full
view of HAZ and weld bead. (b) Close up showing bubbles in the HAZ core i\, of HAZ and weld bead. (b) Close up showing bubbles in the HAZ core
and detailed structure of bead. and detailed structure of bead.

highest weld strengths (85%) for the 6.2-mm-thick material reduced weld strength is most likely related to the morphol-
were obtained at the highest weld penetration of 0.91 mm. ogy near the weld bead and the properties of the mate-
For this weld penetration, relative weld strengths in the rial in the HAZ, resulting in the observed edge grooves
range of 80—85% can be obtained over a wide hot-tool on failure surfaces, and to the absorbed moisture form-
temperature window ofTy = 395440°C for melt and ing bubbles. Such grooves are not present in failure
seal times of 20 and 10s, respectively, and a melt surfaces of PC and PBT welds. Note that bubbles do
penetration of 0.13 mm. The widest process window not appear to have a large affect on the strengths of PC

occurs forty =155 6, =0mm and 6y = 0.66 mm hot-tool welds [1]. But PEI is known to absorb more
for which relative weld strengths of 70-75% can be moisture than PC. It is possible that, as in PC [1],
obtained for hot-tool temperatures in the ranfgig = higher weld strengths can be achieved by welding

380425C. A higher weld penetration and a lower dried PEI specimens. Hot-tool welding can be used to
melt penetration appears to result in a higher weld weld PEI to PC and PBT [6].
strength. An increase in the heating time appears to Most of the data in this paper were obtained from one test
reduce the hot-tool temperature required for obtaining per weld process condition studied. While such data do not
high weld strengths. provide information on repeatability, they are useful for an
The highest hot-tool weld strengths of about 85% are initial mapping of weldability over a wide range of weld
substantially lower than the 100% strength that has beenprocess conditions. Repeatability studies show that high
demonstrated in vibration welds of this material. This average weld strengths with low variance can be achieved
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Fig. 12. Fracture surfaces of 6.2-mm-thick PEI specimens for hot-tool
welds made at (aJy = 38CC, and (b) Ty = 395C. In these welds, the
melt time was 20 s, the melt and weld penetrations were 0.13 and 0.66 mm,
respectively, and the seal time was 10 s.

42 (2001) 775-792

in 6.2-mm-thick specimens. While hot-tool welding can

produce strong welds, it requires careful dimensional and
hot-tool temperature control, and a continuous cleaning of
the hot-tool surface. In contrast, it is much easier to control
the weld processing conditions in the vibration welding

process.

Careful measurements of the differences between the
initial and final lengths of specimens have not completely
been reconciled with the differences expected on the basis of
the machine stop settings. This discrepancy may either
result from inaccuracies in the machine or from an inade-
quate analysis of thermal expansion effects. The length
change data in this paper provide information for a more
careful analysis of this welding process. The apparent varia-
bility of this welding process points to the need for more
data at each test condition for a better mapping of the opti-
mum welding conditions.
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