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Carbon/nylon composites were ultrasonically welded under controlled welding pressure
and time. The optimized pressure and time for the highest joining strength are found by
conducting the lap shear test. The acoustic emission (AE) technique used during the test is
able to detect the first-damage load (FDL) and identify the damage mechanisms. Fiber
breakage contributes to higher lap shear strength of the specimen, while debonding and
pull-out lead to lower strength. Furthermore, the configurations of the AE curves provide
the judgment of the magnitude of lap shear strengths of composites. The moisture
absorption in welded composites follows Fick’s law of diffusion; and lap shear strength of
the composite decreases with increasing moisture content, the correlation of which follows
an exponential decay function. The reduction of the strength is due to weaker hydrogen
bond in the matrix connected between water and amide groups, and damage caused by the
swelling of the matrix. © 2000 Kluwer Academic Publishers

1. Introduction plastic coating on the metal all melted together to form
The joining technique used on a particular compositéhe weld.
depends on the application and composition of the ma- Hot gas welding is one of fusion bonding tech-
terial [1]. The category of typical joining techniques for niques, which include three categories: thermal weld-
composites include (1) mechanical fasteners, (2) adheng, frictional welding, and electromagnetic welding.
sive bonding, (3) polymer-coated material (PCM) weld-For thermoplastic composites, the fusion bonding tech-
ing, (4) hot gas welding, (5) resistance welding, andniques heat the polymer to a viscous state and physi-
(6) ultrasonic welding. cally cause polymer chains to inter-diffuse and form a
The mechanical fastener is a fast joining techniqueveld. The hot gas welding applies heat directly to the
for the composite and can provide satisfactory strengthsurfaces to be joined. The surfaces are quickly brought
however, major problems of the technique include therinto contact, held under pressure, and allowed to cool
mal expansion mismatch between bolts and composdown and form a bond. Resistance welding, a method
ites, stress concentration at the drilling holes that causds second category of fusion bonding techniques, puts
delamination under loading, and reduction of structural metal insert between two parts to be joined and then
integrity. For adhesive bonding, it preserves structuralncreases the temperature of the insert by the induction
integrity by the elimination of the holes and can eas-or resistance heating so that the thermoplastic matrix
ily join all composites and dissimilar materials; but the around the insert fuses to form a joint. The conductive
joining usually can not sustain large amount of stresgnsert remains within the joint and as such affects the
and is affected by moisture, temperature and other erfinal strength of the weld.
vironmental factors. PCM welding is able to bond alu-  Ultrasonic welding is a bonding process in third cat-
minum alloy with carbon/PEEK composite as strong asegory of fusion bonding techniques, which uses high
using adhesives only in less than a minute. To preparequency mechanical vibrations, that is, ultrasonic vi-
the welding, a layer of amorphous PEI was comoldeddrations, as a source of energy. Heat is generated by both
onto one surface of the carbon/PEEK composite and atermolecular and surface friction. The mostimportant
thin thermoplastic layer was applied to the surface offactors are to provide smooth contact and an energy di-
the pretreated aluminum alloy. The resistance implantector between welding parts. During the welding pro-
used was a piece of unidirectional carbon fiber prepregess, pressure is applied to the parts being joined, and
tape wrapped by PEI and PES films. During welding,a welding horn is applied to the area to be bonded. The
because of the lower glass-transition temperatures dforn delivers high-frequency (20 to 40 kHz) and low
PEI and PES films than that of PEEK matrix, PEI andamplitude (20 to 60 Mm) vibrations which are concen-
PES films on implant and carbon/PEEK and thermo-rated by the energy directors to localize heat and join
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the thermoplastic composites. Total welding cycle timechine (MECASONIC OMEGA-MPXII, France). The
was only 10 to 15 s (second) and satisfactory strengtlpecification for the machine is as follows: input volt-
was achieved for Gr/PEEK composites [2]. age 220 V, output power 2000 W, output frequency
Control of the welding pressure and time is very im- 20 kHz, and magnification of amplitude 2.67. The horn
portant that influences the properties of the joint. Afor the machine is made from titanium alloy with geo-
theoretical model was proposed [3] to completely anametric shape as an exponential function. To weld com-
lyze the process for ultrasonic welding of APC-2/PEEK posites, the horn is applied to the overlapped region of
composites, which includes five sub-models: mechanspecimens and a controlled pressure in a certain period
ics and vibration, viscoelastic heating, heat transferpf time is transmitted to the specimens being joined.
flow and wetting, and intermolecular diffusion. Al- The horn delivers 20 kHz frequency and low amplitude
though a zigzag energy director is usually used for(20-Mm) vibration to specimens, which is concentrated
transmitting the heat, flat tie layer was successfullyby the energy director to localize heat and join the com-
used [4] to join aluminum alloy and PP by ultrasonic posite parts.
welding. Anodizing of aluminum alloy and adding
amorphous PP into semi-crystalline PP were two major
factors that improve lap shear strength significantly. 2 2. \Water immersion experiment

Strength of welded thermoplastic composites isTg study the effect of moisture absorption on the lap
closely related to their damage mechanisms. Howeveghear strength of carbon/nylon composites, the speci-
to in-situ identify the damage mechanism needs spemens were immersed into water according to the de-
cial instrument such as acoustic emission (AE) appasigned procedure. All the test specimens were dried in
ratus. Finite element method associated with AE wergyn gven at 60C, and were then placed into a still wa-
used [5] to identify damage mechanism for thermoplaster trough kept at a constant room temperaturé (35
tic composites under tensile load. The damage modeghe moisture absorption specimens were weighed pe-
for thermoplastic composites under tensile load befor?iodically on a Buehler Analytic Balance. The weight
and after soaking into hot water were found by AE to beyyas measured until it remains unchanged. This is the
matrix cracking and debonding, respectively [6]. It is saturated specimen and the moisture content is 100%.
expected that damage modes in ultrasonic welded thefrhe weight change as a function of time was recorded.
moplastic composites under lap shear test are different. Upon the weight gain and time curve was plotted,

Therefore, this paper presents failure analysis of ulfjye different specimens that absorb different amount
trasonic welded carbon/nylon composites using acousyf moisture were prepared using the time data from the
tic emission (AE). The prime objective is aimed at in- ¢yrye, that is, 20%, 40%, 60%, 80%, and 100% (satu-
vestigating the effect of welding pressure, time, andated specimen). The bonding strengths of five speci-

welded composites. The correlation between strengths

and damage mechanisms is analyzed.

2.3. Testing

The lap shear test was conducted according to ASTM
2. Experimental procedure standard for lap shear test (D3163-73). The schematic
2.1. Materials and ultrasonic welding of the test set-up and dimension of the specimen were

Carbon/nylon composites (Phoenixx TPC Inc., USA)shown in Fig. 1a and b, respectively. Aluminum end-
with configuration of [0]g and fiber volume fraction tabs were attached to two ends of specimens via epoxy
of 53% were used for ultrasonic welding and following to protect specimens and transfer the load from MTS
tests. The composite panel was cut as the specimen witesting machine to specimens. The crosshead speed
dimension of 104 25.4x 2 mm according to ASTM was 0.5 mm/min. The load displacement diagram was
standard for lap shear test (D3163-73). Before weldingrecorded during the test and the damage evolution of
the specimen must be well cleaned. the specimen was observed.

A nylon energy director was inserted into the over- An acoustic emission apparatus (1200A crack detec-
lapped region (25.4 12.7 mm) between two welding tor, made by Physic Acoustic Corp., U.S.A.) is used to
specimens. The energy director with small triangularconduct the acoustic emission (AE) test. As shown in
ridge was made from a nylon film via a mold. The angleFig. 1a, a 9R-ISI-8 sensor of the acoustic emission ap-
between two ridges is 90The processing of the energy paratus must be closely attached to the specimen dur-
director was conducted under a hot-press machine atthing the lap shear test. Therefore, vacuum grease was
temperature of 22@ and pressure of 100 N/énfior  spread at the interface between sensor and composite
20 min. The width and depth of the ridge on the energythat were tied up together by an elastic ribbon to prevent
director are 0.9 and 0.2 mm, respectively. The energgeparation. During the lap shear test, when the damage
director concentrates the applied power to provide rapigémerges in the specimen, acoustic waves transmit to
melting of the material contained in the director. Moltenthe surface and the sensor can detect high amplitude
material from the energy director flows across the jointwaves. The number of those waves corresponds to the
interface and fuses with the two components to form aount in the AE curve. During the test, both the load-
weld. displacement curve and the AE count-time relationship

Two carbon/nylon specimens with energy directorswere recorded, and two curves were matched in order
inserted into the overlapped region (1225.4 mm) toinvestigate the damage evolution. The parameters for
were gripped on the anvil of the ultrasonic welding ma-AE machine were set as window time of 1 s, delay time
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4 F derwelding pressure of 0.25 MPa, the lap shear strength

increases with the increase of welding time. The results

) ol Strip chart indicate that under this welding pressure the longer the
specimen OR-ISI-§ \:| Ol recorder welding time, the more complete the interdiffusion of

N\ sensor the nylon matrix at the joint. While for higher weld-

ing pressures of 0.3 MPa and 0.35 MPa, the lap shear
L fi _ — strengths increase with increasing welding_ timg fror_n

| pre-amp ooag 1.8 s to 2.5 s, but reduce when the welding time is

00 3.0s. Observation of damage mechanisms of 12 welded

40dB 1200A AE detector specimens u_nder various cor_1ditions is shown in Fig. 3.
35 dB Longer welding time results in lower strength because

it degrades the nylon matrix (Figs 3k and 1). Neverthe-

less, shorter welding time also leads to lower strength
v F because it can not supply enough heat to melt the nylon

(a) (Fig. 3a, b, and d). In addition, due to the zigzag shape

— . of energy director, shorter welding time traps air inside
:,—/_ SRR the energy director and reduces the strength (Fig. 3b

V
R A and e).
y

12.7 mm Fig. 4 shows the influence of welding pressure on
—] = lap shear strength of the joint for carbon/nylon com-
| posites. For welding times 0f 1.9s,2.0s,and 2.2 s, the
lap shear strengths of specimens increase with welding
) pressure from 0.25 MPa to 0.35 MPa. The tested spec-
(b) imen (welding time 2.2 s, welding pressure 0.35 MPa)
has a good lap shear strength of 10.38 MPa, and corre-
sponding damage modes are fiber breakage, debonding,
and pull-out as shown in Fig. 5. Similar damage modes
of 0.005 s, and total amplitude of 75 dB. Using theare found in Fig. 3j for the specimen with strength of
chart recorder, the relationship for count number and4.25 MPa. However, further increase of welding pres-
time can be completely recorded. sure up to 0.4 MPa reduces the strength of the specimen
welded by welding times of 2.0 s. For welding time of
2.5 s, the maximum lap shear strength is 19.4 MPa un-
3. Results and discussion der welding pressure of 0.3 MPa. Due to better matrix
3.1. The effect of welding time and pressure  flow at the joint during welding process, fibers in one
Fig. 2 shows the influence of welding time on lap sheafspecimen can move to another specimen through the
strength of the joint for carbon/nylon composites. Un-joint. Therefore, the failure mode is fiber breakage, as
shown in Fig. 3h, which contributes to higher lap shear

Figure 1 (a) Dimension of specimens, and (b) schematic of set-up for
lap shear test and acoustic emission test.

Welding pressure strength. Incontrast, higher or lower welding pressures
—0—0.25 MPa : H H
o 03P !ead to lower strengths (Fig. 3g and i). Higher WeI_d—
—0—0.35MPa ing pressure of 0.4 MPa squeezes out the energy direc-
tor and carbon fibers at the joint (similar to Fig. 3l).
20 A The squeeze out of energy director releases the heat

out of the joint and reduces the inter-diffusion between
two joining specimens. Furthermore, the squeeze out of
16 carbon fibers reduces the amount of fibers at the joint
o and bends the aligned fibers out of loading direction
(Fig. 3b, ¢, f,i, k, and l). Both reduce lap shear strength.

g . However, lower welding pressure also leads to lower
! P lap shear strength. For thermoplastic nylon matrix, the
2 / o mechanism of heat generation in the ultrasonic welding
E J A A process is via viscoelastic dissipation. Energy dissipa-
& 87 / tion can be calculated from [7]
3 ~ d B
£ /°/ P — Ze0E sins (1)
4 &7 g—0 2
o inwhich P is the energy dissipation [WA & is strain,
0 1 w is angular frequency of the driving force [rad/E]js

the modulus of the plastic [Pa]. The dissipation energy
is proportional to the square of the local strain, and the

Figure 2 Influence of welding time on lap shear strength of the joint of §train is proportional t_o the applied welding pressure
carbon/nylon composites. if the moduluskE remains constant. Therefore, lower

Welding time(sec)
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Figure 3 Damage mechanisms of 12 welded carbon/nylon composites under various welding pressures and times.

welding pressure may not generate enough energy dislecreasing count stage. In stage |, the correspond-
sipation (heat) to completely melt the nylon at the joint,ing load-displacement curve increases up to maximum

which results in lower lap shear strength. load; in stage I, the corresponding load-displacement
curve is narrow and declines sharply; in stage lll, the
3.2. AE characterization and failure modes corresponding load-displacement is gradually declined

Figs 6 to 11 show six acoustic emission (AE) count-and approaches to zero. However, there is variation
time curves combined with corresponding load-among those figures because their strengths are differ-
displacement curves. Figs 6—-9 compare the effect oént. Therefore, each stage for those figures is discussed
welding time on the lap shear strength using AE anal-as follows.

ysis, while Figs 9-11 compare the effect of weld- Fig. 6 shows the AE count-time relationship and
ing pressure. Generally, for those figures, three mairorresponding load-displacement curve under weld-
stages can be found in the AE curve: stage |, increasining pressure 0.35 MPa and welding time 2.0 s. The
count stage; stage Il, maximum count stage; stage lllspecimen has the lowest lap shear strength of 5.12 MPa
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Figure 7 AE count-time relationship and corresponding load-

i v & displacement curve under welding pressure 0.35 MPa and welding time
2.2s.
0 T T T T T
015 0200 0B 030 03 040 among the specimens welded under same welding
Welding pressure(MPa) pressure but different welding times. In the stage |
Figure 4 Influence of welding pressure on lap shear strength of thejointfor AE curve, slightly increasing count is found. Local
of carbon/nylon composites. damage mode such as matrix micro-cracks occurs atthe

joint. Four major damage modes in composites possess
different count levels, the lowest being matrix cracks,
the second lowest being fiber pull-out, the third being
debonding, and the highest being fiber breakage [5].
Fiber breakage emits stress waves with the highest fre-
guency (count level) because fibers are brittle and have
high modulus. Usually, the shorter duration events atthe
stage | (lower stresses), the lower the lap shear strength.
This can be seenin Fig. 6. In the stage Il for AE curve,
maximum count occurs and corresponds to the region
right after the maximum load in the load-displacement
diagram. Matrix cracks extend to whole joining region.
The curve for count-time in this stage shows a plateau
shape but the value for the maximum count is not very
high. The major damage mode that contributes to maxi-
mum count may be debonding instead of fiber breakage.
Figure 5 Fiber breakage, debonding, and pull-outin the tested specimend NiS results in the lower strength of the specimen. In
under welding pressure 0.35 MPa and time 2.2 s. the stage Il for AE curve, debonding and fiber pull-

out occur, but both damage modes can not sustain high

shear stress. Eventually the extension of the two damage

Time (sec.) modes causes two welded specimens to split. Through
0.00 50.00 100.00 150.00 . .

the AE curve, the damage mechanism for the specimen
is clarified.
200 — —] 40000.00 Figs 7-9 show the AE count-time relationships and
corresponding load-displacement curves for specimens
under same welding pressure 0.35 MPa, but different
welding times of 2.2 s, 2.5 s, and 3.0 s, respectively.
These figures are compared to Fig. 4 in order to evalu-
ate the effect of welding time. The lap shear strengths
for specimens under welding time 2.0 s, 2.2 s, 2.5 s,
and 3.0 s are 5.12 MPa, 10.38 MPa, 14.4 MPa, and
7.22 MPa, respectively. The specimens welded under
2.0 s and 3.0 s show shorter duration events than those

1.00 — 20000.00

Load(KN)
AE counts

0.00 —{/ szt ‘ e J 000 under2.2sand 2.5 satlower stresses. Note that the scale
0.00 0.40 0.80 120 for AE curves in the four figures is different. There-
Displacement(mrm) fore both specimens show lower lap shear strength. As

Figure 6 The AE count-time relationship and corresponding load- _Shown In Flg' 9 (3'0 S)' afew hlgh count peaks are found

displacement curve under welding pressure 0.35 MPa and welding imén the stage lII, Wh_iCh are not seen in Fig. 6 (2.0 s).
2.0s. Therefore the specimen welded under 3.0 s is stronger
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Figure 8 AE count-time relationship and corresponding load- Figure 10 AE count-time relationship and corresponding load-
displacement curve under welding pressure 0.35 MPa and welding timelisplacement curve under welding time 3.0 s and welding pressure

2.5s. 0.25 MPa.
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Figure 11 AE count-time relationship and corresponding load-
displacement curve under welding time 3.0 s and welding pressure
Figure 9 AE count-time relationship and corresponding load- 0.3 MPa.

displacement curve under welding pressure 0.35 MPa and welding time

3.0s. . . " .
composites under various conditions, but also predicts

than the specimenunder 2.0s. As shown in Fig. 8 (2.5 sfheir lap shear strengths. Table Il shows the first dam-
some extremely high count peaks are found in stage l12ge load (FDL), first signal in the AE curve, and max-

which are induced by fiber breakage. This leads to itdmum load (from load-displacement curve) of speci-
highest strength among the four specimens. mens welded under various pressures and times. It is

Figs 10 and 11 show the AE count-time relation-found that the FDL occurs early before the existence

ships and corresponding load-displacement curves fg?f maximum load and the first damage load is approxi-
specimens under same welding time 3.0 s, but differenfnately one quarter of maximum load. This means that
welding pressures of 0.25 MPa and 0.3 MPa, respedhe FDL is approximately proportional to the lap shear
tively. Both figures are compared to Fig. 9 in orderstrength because the strength is derived by maximum
to evaluate the effect of welding pressure. Lap sheaload divided by the welded area. Therefore, the FDL
strengths of specimens decrease with increasing weld@an be used to predict the lap shear strength, that is,
ing pressures. Two features in the AE curve contributdhe larger the FDL, the higher the lap shear strength
to higher lap shear strength for the specimen behaves ifdicating fewer defects in the welded region. The ad-
Fig. 8. First, long duration events in the first stage indi-vantage of using AE curve to pick up the FDL is that it
cate that gradual matrix crack propagation occur in théesembles to a non-destructive method.
joint due to less defects. Second, extremely high and
intensive count peaks exist right after the peak load,
which demonstrate that fiber breakage occurs to pro3.3. The effect of moisture absorption
vide higher strength. Specimens which show either on&@he measured weight change of carbon/nylon compos-
or neither of the two modes result in lower strengths,tes welded under pressure 0.35 MPaandtime 2.2sas a
as shown in Figs 9 and 11. function of time is plotted in Fig. 12. This welding con-
Acoustic emission (AE) technique not only depicts dition results in good lap shear strength of 10.4 MPa.
damage mechanisms of ultrasonic welded carbon/nyloithe absorption of moisture is diffusion controlled,
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Figure 12 The influence of welding pressure and time on lap shear i

strength 101 *  Experimental
Welding - — Exponential decay
pressure %

Welding 0.2 0.25 0.3 0.35 0.4 go

time MPa MPa  MPa MPa  MPa g

18s. 5121 (MPa) 2226 4.228 1.25 é

19s. 6.178 3977 4.78 8.534 =3

20s. 4.75 4103 6.686 512 29698 —

2.2s. 2.767 5.069 8.842 10.378

25s. 752 1939 14396 5.376

30s. 14.245 89125 7.22

Moisture content (%o)

TABLE Il First damage load (FDL) versus maximum load detected rig e 14 The lap shear strength versus degree of water saturation for
by acoustic emission technique during the lap shear test carbon/nylon composite welded under pressure 0.35 MPa and time 2.2 s.

Specimen First damage load (kN) Maximum load (kN)

0.25 MPa/3.0' s 1.06 4.596 rate of absorption decreases and approaches a maxi-
03 MPa/3.0s 075 2875 mum. The maximum weight gain seems to be higher
0.35MPa/2.0s  0.294 1.627 than the tvpical value for APG-2 ites 91 Thi
0.35 MPa/2.2 0.797 3348 1an the typical value for -2 cOMposi es [ ]._ is
0.35 MPa/2.5 s 0.91 4.644 difference may be due to more moisture absorption via
0.35MPa/3.0 s 0.51 2.33 capillary effect in the joint or to the fact that materials
0.4 MPa/2.0 s 0.24 0.958 exposed to water and humid air behave differently.

0.4 MPa/2.5s 0.642 1.734

Fig. 13 shows lap shear strength versus degree
of moisture absorption of carbon/nylon composites
welded under pressure of 0.35 MPa and time 2.2 s.
77 - It is observed that the strength decreases exponentially
] i with increasing moisture content in specimens. For ny-
ick's Law . . . h
lon matrix without moisture absorption, there are hy-
drogen bonds connecting amide molecular chains in
nylon structure. Due to intrinsic hydrophilicity of ny-
lon, when moisture diffuses into nylon, intermolecu-
lar hydrogen bonding either connects between water
molecules or between water and amide groups; there-
fore, bonding strength decreases. Moisture absorption
also lowers the glass transition temperature of nylon,
and enhances plasticization [10]; therefore, it reduces
the matrix strength. Therefore, the more amount of
— moisture absorption, the lower the lap shear strength
4 6 8 0o 12 14 of the welded composite. Furthermore, the moisture
Immersed time, t (hours!’2) absorption in the matrix, but not in the fibers, usually
leads to swelling of the matrix. The differential strain
Figure 13 Weight gain of welded carbon/nylon composites under pres-patween matrix and fibers results in matrix microcrack-
sure 0.35 MPa and time 2.2 s. Solid line computed by Fick’s law. . . . . . .
ing, debonding, blistering or delamination. Those dam-
age modes also reduce the lap shear strengths of welded
which can be described by Fick’s second law of dif- specimens.
fusion. For welded carbon/nylon composites absorbing
moisture through both surfaces the initial moisture up-
take is proportional to the square root of time, as giver4. Conclusions

L Y B
[ R S |

Weight change, M (percent)
b w

—_—
1

<
=) .
[

below Acoustic emission (AE) characterization and moisture
172 effects on lap shear strengths in ultrasonic welded car-
M /4)\/Dt (2y  bon/nylon composites were investigated. With a con-

Myn  \h T trol of either welding time (ranging from 1.8 t0 3.0 s) or

pressure (ranging from 0.2 to 0.4 MPa), a medium value
whereM is the moisture uptake at tinte M, the sat- is proved to have the best effect. Meanwhile, higher
urated moisture content amcdhe plate thickness. The welding pressure leads to lower strength due to extru-
weight change calculated by Fick’s law is also includedsion of an energy director and bending of fibers; longer
in Fig. 12 (solid line) using suitable diffusivity val- welding time results in lower strength due to degra-
ues [8]. Experimental data well fit the Fick's law. Ac- dation of nylon. Composites welded under pressure of
cording to the law, specimens absorb moisture quickly0.3 MPa and time of 2.5 s have the highest lap shear
at initial stage. As the moisture content increases thatrength of 19.4 MPa.
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AE characterization is able to detect the first-damagenismatch between fibers and matrix; therefore, more
load (FDL) early before the failure of the joint. Aninter- damage emerges in the composite and lowers its joint
esting finding is that the FDL is approximately propor- strength.
tional to maximum failure load of the joint; therefore,

FDL is allowed to predict the lap shear strength of the
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