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ABsmucT 

A differential thermal scanning technique is described for studying the thermally 
induced disappearance of an interface between thermoplastic materials_ This is 
specificaliy applicable to the autohesion or self adhesion of thermoplastic polymers. 

A mathematical model has been developed to describe the thermal bonding of 
polypropylene monofilaments (as in certain non-woven processes) which treats bond 
formation as the disappearance, with heat input, of a thermal contact resistance at the 
fiber-fiber interface. The predicted results suggest that monitoring the temperature 
difference across a polymer-polymer interface when a heat fiux is applied from one 
side could be a sensitive means of folIowing bond formation as a function of pressure, 
temperature, and time. 

Experimenlally, two polypropylene films with fine wire thermocouples im- 
bedded near their contactin g surfaces were bonded using a CO2 gas Iastr as a heat 
source. The observed AT data confirmed the general behavior predicted by the model 
and indicated that only a surprisingly small threshold pressure was necessary to 
achieve such intimate contact as to signiricantIy intlueilcc heat transfer across the 
interface. 

IXXRODUCTION 

Manufacturing processes utilizin g the thermal bonding of polymeric materials 
have become more prevalent, and their use in the future should be increasing_ The 
production of heat-bonded non-woven fabrics from thermoplastic fibers is one > 
example; others could also be cited. In most cases, adequate bonding must be 
realized under conditions of temperature, pressure and time which will be !east 

detrimental to inherent poIymer or fiber properties_ Production technolo_q decisions 
aimed at meeting these requirements have had to be made by strictly empirical means 
based on ultimate bond strengths, since IittIe basic information has been avaikble 
about the bond formation process itself. 

*Presented at the 4th North American Thermal Analysis Society Meeting, Worcester, Mass., 
June IL15. 1973. 
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This paper presents the concepts and assumptions underlying a mathematical 

model which predicts the thermal response in the region of a polymer-polymer 

interface as it disappears on bein, 0 heated from one side under varying bonding 
conditions_ Bass on the predictions of this modei, an experimental procedure has 

been devised for following the changes occurring at the interface during bond 

formation by laser heating. The technique has been found to be capable of revealing 

the effects of variations in bonding pressure and adherend surface roughness. More- 
over, the experimental resuhs are remarkably consistent with the predictions of the 

mode1 and, in fact, are interpreted in terms of it_ 

The experimental system used in this study to fuse or bond thermoplastic 

polymers incorporated a continuous wave, infrared, CO, gas Iaser, which provides 
highly localized, precisely controlled heating_ DetaiIs of this apparatus have been 

published previously’. With this Iaser, bonding was found to be effected at the 
intersection between two crossed poIypropylene monofiIaments extruded so as to 

have approximately rectanguIar cross-sections2-3. Taking into account the resistance 

to heat transfer which exists at any solid-sohd interface, ihe mathematical mode1 

relates the laser parameters, power density and exposure time, to the temperatures 

developed throughout such crossed ~monofilaments during laser heating, bond 

formation, and subsequent coolin, 0 The predictions of the model suggested a pro- 

mising and relatively simple them& analysis technique for folIowing the comp!icated 

viscoelastic ffow and deformation processes essentiaI for bond formation. 

-J-HE HEAT TRASSFER MODEL 

As the hrser beam impinges on the upper side of the fiber-fiber intersection, 

depicted in Fig_ I, ener_gy is dissipated by conduction into the fiIaments and along the 

Nament axes, and by natural convection to the air at Nament surfaces. Two 
orthogonal planes of symmetry section the bond in such a way that the thermaI 

behavior of only one bond quadrant needs to be analyzed_ As a further simplification, 

consideration is restricted to the symmetry plane at z = 0, so that it is necessary to 
account for heat conduction in oniy two spatial dimensions_ This model geometry is 

represented in Fig. 2. 

The non-linear partial differential transient heat conduction equation governing 

Narnent temperature as a function of time and position in the bond can be written as 

where T= temperature; t = time; x, y = distance in x and y directions, respectiveiy; 

p = density; K = thermal conductivity; (L =absorption coefficient of polymer at 

10.6 p waselen_& ; C’,(T) = heat capacity (a function of temperature); y (T+) AW = 

Iatent heat term accounting for polymer melting; Q,=Iaserffuxatx=O; H(y)= 

step function with values of 0 or 1, used to denote laser spot size. The temperature- 

dependent terms, C,(T) and y(T)AH, were evaluated experimentahy using differen- 
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Fig. 1 (left). System gcometw and symmetry planes for crossed rectangular monofilaments. 

Fig. 2 (right). Two-dimensional model geometry. 

tiaI scanning caIorimetry (Fig. 3). Heat capacity is seen to be a Enear function of T 

for both solid and melt, wit!1 the Iatent heat term entering thz equation over the 
temperature range 1 IO-17O’C. The Iast term of the equation invoIves the assumption 

that the absorption of laser ener_gy by the polymer follows Lambert’s Law. Here, 

Q, = Iaser flux (power density) incident on filament surface (X = 0) and CL = absorp- 

tion coe4kient of polymer at laser waveIength, 10.6/r, both determined experi- 

mentally. In this term H(y) is a step function with values of 0 or I used to denote laser 

spot size. Density, p, thermaI conductivity, K, and z were assumed independent of T 

Fig 3. DSC scan for polypropylene fiiamenls. Heating rate 10 ‘Cimin. 
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and unchanged in going from so&d to melt. While this is not exact, these assumptions 
are not unreasonable for polymeric materials. Besides, the model is not extremely 

sensitive to small variations in these parameters_ 

In setting up the initial and boundary conditions necessary to solve the equation, 

the assumptions were made that convection losses obey Newton’s Law of cooling and 

that the upper filament is not heated at alI at some distance from the intersection 

(y = XJ) because of the localized Iaser heating and the low thermal conductivity of 

polypropylene. Referring to Fig. 2, the initial and boundary conditions necessary to 

soIve the heat conduction equation are: 
Initial condition 

at t = 0, T = To (I.C.) 

Boundary conditions 

at x = 0; 2 = Iz(T-- To) 

atx=NX,y>NY; --_= i3T h(T-To) (B.C. 2) 

atx=NI, _vtNY; 

ST 
aty=O;-=0 

@- 

at)t=NY, x>NX; 

aty=NJ; T= To 

(B.C. 1) 

ax 

E=h(T-To) 
ax 

(B.C. 3) 

(B.C. 4) 

aT 
- 
iZ?X 

= h(T- To) (B.C. 5) 

(B.C. 6) 

where r, = ambient temperature (25’C); h = H/K, where H = heat transfer coeffi- 

cient for naturaI convection, K= thermaI conductivity of air. The equation was 

converted to a dimensionkss form and solved numericalIy by the Peaceman- 

Racheford implicit alternating direction method4. To carry out these calculations, a 

computer program was written incorporating Cakomp plotting routines which 

present the output as plots of predicted behavior during heating and subsequent 

cooling. Cooling profiles were calculated by removing the Iaser source term from the 

heat transfer equation. The non-Iinear term which wouId account for poIymer 

recrystaIJ.ization, y(r) AH, was negkcted because of the complexities of localized 
meIting and supercooling, but this omission is not expected to introduce excessive 

error. 



109 

PREDICTJZD BEHikVIOR-COXfI~XXSM MODEL 

Figure 4 shows how the temperature profiIe along the central a..& of the bond 
(y = 0) develops as he&ins proceeds for the idealized case assuming perfect thermal 
contact between adjacent surfaces before bond formation, i.e., a continuum. The 

Fig. 4. Predicted temperature profiles developed along central axis of bond at il Iaser fiux of 12 watts,’ 
cm’_ Interfacial resistance is ignncred. Abscissa units 0.1 X filament thickness. 

three-dimensional Calcomp plots of Fig. 5, show& temperature as a function of x 
and +’ at t = 4.56 set when the interface has reached the melt temperature, iliustrate 
the localization of laser heating due to the low thermal conductivity of polypropylene. 

Figure 6 demonstrates how the predicted temperature profiles along y =0 
decay on cooling after termination of laser heating. it is seen that cooling is quite 
rapid, and solidification is expected in the order of 1.4 sec. Figure 7 shows the change 
in temperature with time at a point on the interface (x = NX, y = 0) predicted by the 
continuum model for 4.56 see of laser heating (to 162°C) folIowed by cooling. 

An interface between two solid layers, even highly polished metal surfaces 
pressed tightly together, should not be considered a continuum; there is generally a 
contact resistance to heat transfer. The model can be modified to include this 
resistance by considering that the thin region at the fiber-fiber interface between 
x = hX and x = NX+ I (Fig. 2) consists of an arbitrary gap material of thermal 
conductivity, Ka, less than that of polypropylene, KA_ The requirements of the 
numerical technique for solving the heat transfer equation fix the width of the gap; 
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Fig_ 6 (left). Predicted temperature profiies developed during cooling. Abscissa units 0.1 X filament 
thickness. 

Fig_ 7 (right)_ Temperature-time behavior for a point at the interface (on Iower surface of upper 
filament) during heating and coolins Las&r fiux = 12 watts~cmz. 

consequently, the magnitude of the contact resistarrce was established by selecting the 

ratio between the thermal conductivities of polypropylene and the arbitrary gap 

material- 
Bond formation can be modeled as the disappearance of the contact resistance 

over a temperature range, i.e., KB + KA, where KB = F(T). It was arbitrarily assumed 

that bond formation is associated with crystalline melting of the polymer, so that, 
based on the DSC scan for polypropylene (iig. 3), the temperature range 16170X 
was chosen for the calculation: further, since the nature of F(I) is not known. it was 
assumed, for simplicity, that KB - KA linearly over this temperature range. 

PREDIZI-ED BEHAVIOR-IXXERFACL MODEL 

On comparing Fig. 4 for the continuum model with Figs. 8 and 9 for initial 
contact resistances corresponding to KJKB = 2 and 4, respectively, it is seen that the 
presence of a thermal contact resistance has a major effect on the nature of the pre- 
dicted temperature profiles_ In fact, the greater the imposed contact resistance, the 

more pronounced is its effect: temperature increases more rapidIy as the contact 
resistance is in creased, particulariy at the interface; moreover, 3 temperature gradient 
builds up across the interface prior to bonding and decays as bond formation pro- 

ceeds. 

In Figs. 10 and 11 this predicted temperature difference across the interface, 

AT, is plotted as a function of time and interfacial temperature, respectively, for the 



Fig- 8 (Ieft). Predicted temperature profiks deveIoped along central axis OF bond. K,I& = 2 prior to 
bond formation. Laser fIux = I2 wattsjcmz. 

Fig. 9 (right). Predicted temperature profiles developed along central axis of twrc.L KJKa = 4 prior 
to bond formation. Laser flux = 12 x+atts/cm’. 

three values of K_JK,. Again, as initial contact resistance is increased, AT is observed 
to buiId up rapidly to higher vahres and, in the case of KJKB = 4, to decay as bond 

formation takes pfacc. For the bond formation models, KJKB = 2 and 4, sharp 

breaks in the AT vs. T curves occur at 140°C the arbitrarily selected initiation 

temperature for bond formation. The effect of laser flux on AT vs. time curves is 

iliustrated in Fig. I2 for K_JKB = 1; as expected, the rate of increase of ATis greater 
at higher fiux density and a higher maximum vaIue is reached_ 

DIFFEREXXIAL lHERT!AL SCA?WIXG TECHNIQUE 

This predicted sensitivity of AT, the temperature difference across the interface, 

to the magnitude of the initial thermal contact resistance and to the decreases in 

contact resistance which accompany bond formation suggested that the progress of 
seEadhesion might be followed by monitoring ATduring heating. In this way it might 

be possible to study the effects of material variables, such as polymer moIecuIar 

weight, orientation, and surface characteristics, as well as the bonding variables, 

pressure, temperature, and time- Accordingly, an experimental procedure was 

developed to test the mathematical model and the nsefnhtess of the AT concept in 

ascertaining the inthtence of bonding and mate&I variables. 

Rather than trying to monitor AT in fibers, polymer films were used. Despite 

the difference in geometry and boundary conditions, the equations governing 
temperature as a function of position and time are the same if one restricts consider- 
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ation to an axis of symmetry- It should be justifiable, therefore, to compare the 

theoreticaI results for crossed fibers with the experimental results for films. 
Fine wire thermocouples u-ere imbedded. near the surfaces of heavy poly- 

propyIene films by sandwiching the thermocouples between a thick and a very thin 

piece of B.m and bonding the composite in a hot press (Fig_ 13a). Two such com- 

posites were then bonded using the CO, gas laser as a heat source (Fig. 13b). The 

Laser raC;at:o.n 

Fig 13. Experimental procedure for monitoring AT, temperature difference across the interface, 
during bond formation: (a) sandwiching technique for imbedding thermocouples; (b) fiim and 
thermocolrple arrangement during laser bonding 

thermocoupIes just below the contacting surfaces provide a record of the changes in 
both actual temperature at the lower surface of the upper film and temperature 

difference across the interface as laser bonding proceeds_ Pressure was applied to the 

composites during bonding by means of a disk of Trtran, which is transparent to 

10.6~ laser radiation, loaded with brass rings of \irlrying weights drilled out so as to 

pass the entire laser beam. 

CORRJELAl-IOX BEI-WEEN EXPJZRIMEXTAL ASD MODELED BOhDIXG 

The experimental ATvs_ t curves of Fig I4 for f&is bonded at three different 

contact pressures are very similar to the theoretical curves of Fig. 10 for crossed 

fiIaments at three vahres of contact resistance generated at a comparabIe heating rate 

(laser flux). As expected, the effect of Iow contact pressure corresponds to that of 

high thermal contact resistance and vice versa, but it is rather surprising that intimate 

inter-facial contact appears to be attained at pressures of the order of only 1 psi_ It may 

be true, however, that, at this combination of pressure and heating rate, the con- 

tacting process does not lag behind the heating process, but that at faster heating 
rates, behavior resembling that predicted for KJKB> 1 might be observed. It shoufd 
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be noted that the maximum in the AT curve for the lo-g& pressure, 0.13 psi, occurred 

at interfacial temperatures approaching 17G,“C rather thar. 140°C as assumed for the 
model. For a given heating rate, then, the interfacial region mtlst apparently reach 

higher temperatures at the lower pressures before the contacting process is initiated- 

The differential temperature technique was found to be sensitive to surface 
roughness_ Figure X5 compares the AT vs. t behavior observed at two contact 

pressures and the same laser flux for relatively smooth films which had been heat- 

pressed against polished aluminum plates and similar Nms surface-roughened with 

Fig. 14 (Ieft). Experimental AT vs. time kha%ior for three different contact pressures using poly- 
propylene filllls 

Fig 15 (right). Effect of surface roughness on cxpcrimen:aI AT \x time behavior for pol_ypropylene 
films. 

emery paper. At the Iower pressure, AT for the roughened Nm builds up rapidly to a 

very high value in the manner expected for high KJK,, then decays, The interfacial 
temperature at the maximum was about I84”C_ At the higher pressure which was 

apparently sufficient for intimate contact of smooth films, roughening caused the 

curve to assume a shape expected for an iritermediate contact resistance_ Thus, at the 

same heating rate, rough surfaces require higher threshohi pressures for intimate 

contact than smooth ones. 

Experimental AT vs. t curves (Fig. 16) corresponding to those of Fig. 12, which 

predict the effect of heating rate (determined by laser flux) were generated by 
monitoring the laser heating of prebonded film composites. In this way, the case of no 



contact resistance, KA[KB = 1, was simuIated. Figure 16 confirms the prediction of 

Fig. 12 that the AT curves shift upward as heating rate is increased (flux at A > flux 
at B)_ 

Fig. 16. Heating rate eKccts on eqxrimcntal ATw. time behavior for the case of no interface. Laser 
fkx for curve (A) is greater than that for curve (B). 

coscLrsloNs 

In view of the various assumptions made in setting up and solving the heat 

conduction equation, and the experimental difhculties in controlling Iaser heating 
rates and thermocouple placement, the h&h de,- of correlation between the 

predictions of the model and the experimental results is gratifying_ The low threshold 
pressure for intimate contact observed for the smooth films indicates a need for 
improving the sensitivity of the differential temperature measurements. Additional 
work is mzc+ary, too, to determine whether differences between heating rates and 
contact rates are important and can be studied by this technique_ As far as the model 
is concerned, future work should consider non-linear temperature dependence of the 
manner in which KS + K*, as well as time restrictions on this process. In addition, it 
shouId be possible to adapt the model to po1ymer-s other than polypropyiene and 

modify it for the consideration of heat sources other than the laser beam. 

The experiments described herein, when interpreted in terms of the model, bear 

out that establishing inter-facial contact is a crucial step in thermally induced 

polymer-poiymer adhesion_ Moreover, the difherentiaI temperature approach offers 
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many possibilities for studying the interdependence of pressure, temperature, time, 

and material properties in controliin, (J the contacting process in polymers. Such 

information is needed to facilitate selection of bonding conditions which will permit 

adequate fiber-fiber contact in heat-bonded non-covens and yet minimize damage to 

fibers. 
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