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Residual stress in polymers—evaluation of
measurement techniques

A. TURNBULL, A. S. MAXWELL, S. PILLAI*
Centre for Materials Measurement and Technology, National Physical Laboratory,
Teddington, Middlesex, TW11 OLW, UK

A comparative assessment has been made of techniques for evaluating residual stress in
polymers. Emphasis was placed on the layer removal and hole-drilling methods. A more
speculative approach, the chemical probe technique, using the sensitivity of the threshold
stress for environment stress cracking to particular chemicals, has been developed to
characterize near-surface stresses. Measurements were made for polycarbonate, filled and
unfilled acrylo-nitrile butadiene styrene (ABS), and nylon. The materials had been
processed by two distinct routes designed to generate different levels of residual stress.
The layer removal technique gave the most consistent results for the stress distribution
through the thickness but is time-consuming and limited to flat plates. The hole drilling
method is potentially more flexible in determining the residual stress in more complex
geometries because the measurement is over a small area only. However, although
reasonable agreement with the layer removal technique was found for the same principal
axis, the values of residual stress calculated for the other principal axis appeared
conceptually unreasonable. The chemical probe technique has potential but uncertainty in
the quantification of residual stress can arise if significant environment-enhanced
relaxation occurs. © 71999 Kluwer Academic Publishers

1. Introduction The optical polarizability of a polymer chain is
Residual stresses in a polymer develop in plasti@nisotropic, that is, the molecular backbone of the
products during their fabrication, for example, from polymer has different polarizability in its longitudi-
extrusion, blow molding, and injection molding. In nal and transverse orientation. This anisotropy is de-
injection-molded products, these stresses can be of i@rmined by the chemical configuration and conforma-
magnitude sufficient to induce dimensional and shapéion of the chain. If the macromolecules are randomly
changes and, in the presence of specific environmentspiled, the anisotropy cancels out on a macroscopic
can result in environment stress cracking (ESC) ofscale. However, residual stress will result in distortion
the product. The residual stresses may be thermaknd will induce anisotropy of polarizability, which can
elastic stresses, from rapid inhomogeneous coolinghen be determined by bi-refringence measurement.
of the polymer melt; shear stresses, developed duringhe bi-refringence technique has obvious limitations
nonisothermal flow of the polymer melt into the mould; for nontransparent materials, and analysis in terms of
and entropy stresses, from nonequilibrium molecu+esidual stress is complicated due to ordering of molec-
lar orientation of the polymer chains [1]. In addition, ular orientation induced by processing. Accordingly,
pressure-induced stresses may develop in injectiorthe main emphasis in this research has been on the other
molded products upon solidification. techniques: the layer-removal technique, hole-drilling
Modeling and measurement of the residual stress dignethods, and the chemical probe technique.
tribution as a function of processing variables can pro- The layer-removal technique [3, 4] is based on mea-
vide the tools to develop improved injection moldings surement of curvature of flat samples following pro-
and to predict performance. Modeling is currently in gressive mechanical removal of thin surface layers. In
progress at C-Mold [2]. Measurement methods are varresponse to removal of a layer, the sample restores equi-

ied and include: librium by warping to a shape that closely resembles a
circular arc. The measured curvature as a function of
1. bi-refringence measurement depth removed can be used to calculate the stress distri-
2. layer-removal method bution through the thickness of the sample prior to layer
3. hole-drilling method removal. The technique has been the primary method
4. chemical probe technique used for plastics, but the limitation to flat sheets is a
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major constraint as is the inability to assess very nearter region of the processed plates perpendicular to the
surface stresses. melt flow. The machined edges of the specimen were

Hole drilling is potentially a more flexible method, polished to a 1200 grit finish to minimize any effect of
but while a standard exists [5], there has been no deroughness on optical measurement (see later sections).
tailed study of its applicability to polymers. The method

involves fixing arosette of strain gaugesto the surface (;% . .
. - . .3.2. Specimen thickness measurement
the specimen and then drilling a hole precisely throug he thickness of the specimen was measured prior to

the center. Thg strains produced at the surface reflect.t eyer removal and after each successive stage of re-
stress relaxation that has taken place. Using appropria . ; o

. Mmoval. The thickness was determined at four positions
models, the measured strains can be used to calculagf

o ; ong the length of the specimen using a micrometer
:Eg ::tarrispslgs for the two principal axes in the plane O4ccurate to 0.001 mm. The mean value was used to de-

. . . . fine the thickness of the sample. The variation in thick-
The chemical probe technique is a more specula‘uvé: 00
approach and is based on establishing reference da gss was usually less tharl% and never greater than

for the relationship between stress and time to crazing -5%.

and/or cracking for specific polymer-environment com-

binations. When a plastic with unknown residual stres2.3.3. Layer removal

is exposed for a specific period to an environment, theJniform layer removal was achieved using a conven-

existence or otherwise of crazing and/or cracking willtional milling machine with a fly-cutting tool operating

indicate that the stress is above or below the referencat 1600 rpm and a feed rate of 25 mm/min. During

value. This exercise is then repeated for environments ahilling, the specimen was fixed and held flat by a vac-

varying aggressivity in a progressive mannerto estimateum table. Compressed air was used for cooling the

the magnitude of the residual tensile stress. The rangspecimen. Care was taken to ensure that the layers were

of environments is selected according to the accuracyemoved always from the same surface. After removal

of measurement required. No information about stressf a layer, the end of the specimen facing the cutter was

distribution is obtained, and the technigue is most applichanged around to minimize possible variations associ-

cable to plastics with near-surface tensile stresses. Thated with small differences in specimen thickness along

technique is similar in principle to the ASTM method its length.

for testing of ABS products [6]. The main distinction  In anticipation of marked variations in residual stress

is the attempt to establish a quantitative framework. close to the surface, the thickness of the layer removed
A comparative assessment of the layer-removal andvas about 0.05 mm for the first two cuts the thickness

hole-drilling methods follows, described together with was then increased to 0.1 mm.

preliminary results from the chemical probe technique.

. 2.3.4. Measurement of curvature
2. Experimental method An optical method was used for curvature measure-
2.1. Materials ment. The specimen was located on its long edge in
The materials used were Polycarbonate from GE Plasy holder attached to a programmable XYZ table with

tics (Lexan 141R), unfilled ABS (Novodur PKT2), 4ata acquisition facility. The image of the sample was
filled ABS (Novodur PZHGV) from Bayer, and Nylon r5quced on a screen via a camera attached to a mi-

66 (E101L) from DuPont. croscope. The specimen deflection was measured by
following the edge profile and registering the X-Y read-
2.2. Processing ing. Measurements were taken at 1 mm intervals along

Flat plates (150 mnx 150 mmx 2.6 mm), were injec- the length of the specimen. Uncertainties associated

tion molded using a Mannesmann-Demag Kunstwith edge roughness were minimized by focusing on

stofftechnik NC 111 150 tonne injection molding ma- the edge that had not been milled. Two sets of readings

chine. Plates were produced from each material undewere taken for each stage of layer removal, the second

two sets of processing conditions in order to achievaeading being taken after removing the specimen from

two levels of residual stress. In the injection moldingthe holder and setting it back up again.

process, it is very difficult to change one processing The radius of curvature was determined by fitting

parameter without influencing others. Molders oftena circular fit through the data points. The curvature is

find that many of these parameters are interrelated, andefined as the inverse of the radius of curvature.

often the optimum conditions for injection moulding

are determined after a number of trials. The parame-

ters chosen to change during processing of plates werg 3 5. Measurement of modulus with

those that had little or no influence on the other con- position through the thickness

ditions. The processing parameters used in producing calculating the distribution of residual stress in poly-

plates for all four materials are given in Appendix 1. mers by the layer-removal method, account has to be
taken of the variation in modulus in the plane of the

2.3. Layer-removal method specimen at different positions through the thickness

2.3.1. Specimen preparation of the specimen. Accordingly, measurements of modu-

Using a milling cutter, rectangular specimens (70luswere made at different stages of layer removal using

mmx 10 mmx 2.6 mm) were removed from the cen- a flexural resonance technique.
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2.3.6. Time between milling and For four-point bend tests, the specimens were loaded
measurement to the desired displacement in a multispecimen test jig
The time between milling and measurement needs tand immersed in the test fluid within 120 s. To ensure
be considered because of possible stress relaxation. Tleensistency intesting, the specimens were stressed with
time should be relatively short so that only elastic andthe face intension being from the same face of the initial
not visco-elastic relaxation can occur. An elapsed timeplate.
of 6 mins was chosen. In a study on filled ABS, it was For ABS, the environments were acetic acid at con-
noted that the curvature was very similar whether thecentrations of 100%, 70%, and 65%, and also white
elapsed time was 6 minutes or 16 hours. spirit. For polycarbonate, ethanol, and propanol-
toluene mixtures (10:1 and 3:1) were used. Analyt-
ical reagent grade chemicals were used with the ex-
2.4. Hole-drilling technique ception of white spirit for which a commercial sample
The hole drilling technique is less laborious than thewas utilized. To define the threshold stress for cracking
layer removal method. The surface of the specimen wafr the particular polymer-fluid combination, the spec-
wiped clean. A rosette of three strain gauges was theiimens were exposed for different applied loads until
fixed to the specimen and bonded using cyanoacrylatéracture, up to a time limit of 30 days. The long expo-
The key step was the hole drilling, which must be car-sure was for other purposes [7]. The critical data for
ried out to a high degree of precision. Spirit levels werechemical probe analysis are short term since long-term
used to ensure that the specimen was uniformly horiexposure creates problems due to stress relaxation.
zontal, and the mill was then attached firmly. Centering Measurement of the residual stress in the plate sam-
of the mill was facilitated with an optical microscope. ples was made by attaching small cells on the faces at
In order to minimize induced pressure and heat duringpecific locations and exposing for 10 mins.
milling, the process was carried out by hand. Care was
taken to ensure that the milling proceeded in the ver-
tical plane with minimal side pressure or friction. The
process generated a hole which was approximately flafs
bottomed.
The first step was to drill through the center of the
rosette and the underlying adhesive minimizing pene
tration of the substrate. The strain was then monitore

. Results and discussion

.1. Layer removal

An example of the variation in specimen deflection with

progressive layer removal is shown for unfilled ABS

in Fig. 1. Using standard software, a circle is fitted to

each data-set to obtain the radius of curvature Fig. 2.

with the mill just resting on the surface. Holes WereThe curvature calculated at each stage of layer removal
drilled in depth increments of about 0.1 mm with a di- . . . 9 yer|
s shown as a function of distance from the initial sur-

ameter about 1.7 mm. Ateach depth, the strain measureg- SRR, . ;
ment was allowed to stabilize (about 3 mins) with the ace position in Fig. 3. These data provide the basis for

mill in place, and then the measurement was recoroleodetermmmg the distribution of residual stress using the

To check whether stresses were induced by the mill it_r'elationship established by Treuting and Read [4];

self, the mill was rotated anti-clockwise in some tests.
No effect on the strain was detected.

The surface strains associated with the stress relax-
ation due to hole drilling diminished with hole depth Z
and became insignificant for depth-to-diameter ratios + 4z + Zo)p(z1) — 2 / 0(2) dz} @
greater than 0.5. 2

(e = g | @0+ g @

where o4(z1) is the stress in the longitudinal direc-
2.5. Chemical probe method tion of the specimen at a distaneg from the mid-
The chemical probe method was used primarily for un{point of the speciment(z;) is the elastic modulug,
filled ABS, although reference data were obtained foris Poisson’s ratiozg and z; are respectively the dis-
polycarbonate also. Tests were carried out under cortance from mid-point of the specimen to the surface
stant load and under four-point bend conditions. Theand to the position of the last layer removal, and
test specimens were prepared from the processed platég) is the curvature. The curvature is assumed to be
and conformed to the standard small tensile specimepositive when the specimen curves away from the ma-
as specified in ISO 527-2 with an overall length of chined surface and negative when it curves towards the
75mm and a gauge length of 30 mm. The width ofmachined surface. Equation 1 assumes that stresses are
the gauge section was 5mm and that of the end se@pproximately equi-biaxial.
tions was 10 mm. For the bend tests, the specimens The curvature of the specimens was clearly dis-
were 75 mmx 10 mm plates. The sides of the speci- cernible for all the materials with the exception of the
mens were polished to a 1200 grit finish. The specimenpolycarbonate. Very low values of deflection were ob-
were then annealed at6 below theTy value for the tained for polycarbonate samples that were processed
polymer over a period of two days and slowly cooledby either the EPQ/lla or EPQ/IIb routes. The impli-
to relieve residual stress. cation is that the residual stresses are too small to be

For constant load testing, the specimen was loadedetected by this technique.

rapidly using hanging weights, and the environment The in-plane modulus of the specimens at varying
added to the cell within 60 seconds. distances from the surface for each of the materials is
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Figure 1 Deflection of a specimen of unfilled ABS during a layer removal experiment.
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Figure 3 Third order polynomial fit to data for a specimen of unfilled

Figure 2 Circular fit used to determine the curvature of an unfilled ABS ABS
specimen using the deflection results obtained for layer 13 in Fig. 1. '

shown in Table I. The modulus is approximately con-
stantthrough the thickness in each of the materials, Wit|§
the exception of the filled ABS for which an increase =
in the modulus was observed towards the center of th g
specimen. Nevertheless, for analysis, the modulus we

assumed to be approximately constant.

The value of Poisson’s ratio used was O. °
not be fully representative of the filled material and doesg

not allow also for anisotropy.
Confidence inthe measurement process

by measuring the residual stress in two plates of fillec

5
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4_
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34 N
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4. Thismays .. "
®.
i \. \.\l
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Figure 4 Repeated residual stress measurements in two specimens of

TABLE | Variation of in-plane modulus (GPa) with distance from the filled ABS.

surface
Material Surface 20pm 400um 600um 800um 1000um .

ABS that had been produced in the same batch. The
PC 233 230 230 233 233 230 measurements were taken from specimens cut from the
ABS 194 190 194 191 191 191 same position in each plate (Fig. 4). The results indicate
Nylon =~ 131 131 134 138 138 134 yqithere is a maximum difference of about 1.5 MPa
Filed ABS 3.86 384 389 407 414 424 ; :

The key issue is whether the difference is associated
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Figure 7 Residual stress in two specimens of filled ABS that had been
Figure 5 Confidence bands for the polynomial fits to the two filled ABS processed under different conditions and examined using the layer re-
specimens. moval technique.

with the measurement technique or with plate-to-plate . ] -t 1.§“\\-\-

variations in residual stress. Consistent data were ob-a 1 //v \-\.

tained in relation to both the curvature and calculated o

residual stress at each stage of layer removal in any one;, '

data set (i.e., there was not a significant spread in the§ -2 _/

measurements). Hand calculations were made to checl® ] //‘
®

that there was no scaling or calculation errors, which ;3“ 4] A
would shift all of the data in a consistent manner. Con- . ¥ —=u— Material EPT/la
fidence limits of 95% were then calculated for the poly- 57 —e— Material EPT/lc

nomial fits (Fig. 5). As the two polynomial curves do T T e o4 o6 o8 10 12 14
not lie within each other’s confidence limits, it can be ' ' ’ Dépth (m'm) ' ' '
seen that these two curves are statistically different. It
would, therefore, appear that the observed diﬁerenCeﬁgure 8 Residual stress in two samples of Nylon processed under sim-
are due to plate to plate differences in the residual stregfr conditions and examined using the layer removal technique.
rather than measurement variability.

Distributions of residual stresses through samples of . . . .
ABS (filled and unfilled) and nylon are summarized in MaXimum value of 4.5 MPa, becoming tensile with a

Figs 6-8. For unfilled ABS, the stresses were compreg?'@Ximum value of about 1.5 MPa at greater depths.
The effect of processing route on the residual stress

sive (negative values) at distances betweendi@&nd L o
(neg ) distribution was small and within the sample to sam-

about 30Qum from the surface, with a maximum value L . :
of 1.4 MPa, becoming tensile with a maximum value Ofple variability obtained in the repeat tests for the same

about 0.5 MPa. The filled ABS showed very contrast-Processing route (Fig. 4).
ing behavior with a tensile region between 106 and
about 60Qum (maximum 2.5 MPa) transforming to a
compressive stress (approaching 1.75 MPa) at great
depths.

For the nylon, the residual stresses were compressiVEo™ [8]:
at depths between 1Q0m and about 30@m, with a

&-2. Hole-drilling
The derivation of the in-plane stresses is calculated

e1t+e V2 2 3
= ——/(e1—¢ g — ¢ 2
Omax A 48\/(1 2)? + (82— €3)* (2)
1.0
g1+ 2
] . Omin = +o=(e1— £2)2+ (22— €3 (3)
. 0.5 e | . .\l\.\. 4A 4B
Dﬂf 1 /‘/ \.\\l
oo o . .
?(; 007 / * whereomay andonin are the maximum (most tensile)
8 054 ./ and minimum (most compressive) principal stresses
o present at the hole location before drilling. The values
§ 104 €1, €2, &3 are the relieved strains as measured by the
2 ./ e Material EPR/la correspondingly numbered, radially orit_entgted strain
o —e— Material EPR/Ic gauges, where; ande3 are on the two principal axes
2.0 T r : : — perpendicular to each other, angdis at 45 to the two

00 02 04 06 08 10 12 14 16 principal axes.
Depth (mm) It was necessary to determine the values of the cali-
Figure 6 Residual stress in two specimens of unfilled ABS, processedbratlon parameterA and B for ea_Ch polymer at each
under different conditions and examined using the layer removal techde_p'[h of hole by qseparate experiment. An annealgql flat
nique. strip of the material was prepared, and the hole-drilling
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Figure 9 Calibration parameters for unfilled ABS determined at differ- - 11 Hole-gril Its obtained al h incioal .
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Figure 10 Calibration parameters for Nylon determined for different

hole depths by applying known stresses to annealed specimens. Figure 12 Hole-drilling results obtained along the two principal axes in

Nylon. Results from a repeat test are shown by the hollow symbols.

procedure was conducted while it was subjected to a
known stress in tension. Tests were carried out for undetermined from relieved strains that increased from
filled ABS and for nylon. The values ckandB asa  zero up to 600« 10°° as the hole was drilled. The
function of depth of hole are shown in Figs 9 and 10.maximum stresses related to those stresses that were
Measurements were carried out at two values of the ageerpendicular to the flow direction and the minimum
plied stress in the range of relevance in order to demonstresses to those that were parallel to the flow direc-
strate consistency of the parameters. tion. Tests were conducted on two separate plates at
To establish the direction of the stressgsthe an-  the same location from the gate as in the layer removal
gle between the direction of the maximum residualtechnique. The repeat tests gave consistent results for
stress and that of strain gauge 1, was calculated a&e maximum stress but slightly more variability for the
follows: minimum stress.
The maximum residual stresses measured using the
tana = 81— 262 — €3 (4) hole-driling technique can be compared directly to
€3 — €1 those obtained from the layer removal technique, as
shown in Figs 13 and 14. The agreement was reason-
able particularly with regard to the trend. It was not
possible to compare the results for the stresses parallel

The following rules apply:

€3 > &1 o refers tomax to the flow direction. These were less satisfactory inso-
£3 < &1 refers tasmn far as the.stresses determined from hole-drilling were
compressive over the full depth of measurement and
e3 = e1: 0 refers ta+-45°C this would imply a very large tensile stress operating
£ < £1at+45 over a small region to balance them. Thl_s s_eer_ne(_j_un—
likely and posed some concern for the intrinsic viability
g2 > g1 at—4%’ of the method. It should be noted that the theoretical ba-

sis for analysing the strains in the hole-drilling method
Using these parameters, the variation of residuatioes not account for large variations in residual stress
stress through the thickness of the material was desver the range of hole depths examined. It is perhaps
termined for specimens of unfilled ABS and Nylon more applicable to thicker moldings for which the stress
(Figs 11 and 12). These values of residual stress wergradient is less, although why agreement with the layer
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Figure 16 Constant load (solid symbols) and four point bend (hollow

Figure 13 Comparison between the residual stress in unfilled ABS de'symbols) tests applied to annealed unfilled ABS.

termined by hole-drilling and layer removal.

2 load or bend data as the reference base for estimating
] . /-/'\0\,\. the residual stress in as-processed samples. For poly-
_ ./ .-, carbonate, the constant load and 4-pt bend tests gave
& o . P similar results. However, the results for ABS showed
= significant disparity because of the marked stress relax-
2 ™ 2 ation of this material [7], with the values for constant
% 2] load being significantly lower. This uncertainty in the
E r reference data poses genuine problems in estimating
23 / with confidence the residual stress in an as-processed
i 4 /' —®— Layer removal material. Exposure times need to be relatively short.
. —# Hole driling Also, bend tests may be more representative of the un-

0.0 0.2 0.4 0:6 058 1?0 1.2 Constrained FeSt Samples' . .
Depth (mm) The chemical probe technique has been applied to
injection molded specimens of polycarbonate and un-
Figure 14 Residual stress determined in samples of nylon using layerfilled ABS that had been aged in air for 2, 5, and 20
removal and hole-drilling techniques. hours after processing. When the polycarbonate speci-
mens were exposed to a 3:1 propanol: toluene mix, no
. . . _.__crazing or fracture was observed in the specimens. Us-
removal method should be obtained in one principal, g the four point bend data in Fig. 15 would indicate
axis for two dlfferent' materials is not evident. that the residual stresses are less than 2.5 MPa.
Further work using plate samples quenched 10 \xfijled ABS specimens aged for 2 and 5 hours frac-
generate biaxial stresses will be of value in Va“dat'ngtured in 100% acetic acid but not in 70% acetic. Again,
the method. using four point bend data, (Fig. 16) this would indicate
that the residual stresses in unfilled ABS are between
] 3 and 13 MPa. ABS specimens aged for 20 hours did
3.3. Chemical probe not, however, fail in either the 70% or 100% acetic acid,

The stress—time-to-craze/crack relationships for anygicating that the residual stresses in these specimens

nealed polycarbonate and annealed ABS are shown ifyg e\ 3 MPa. This decrease in residual stress as the
Figs 15 and 16. A key issue was whether to use constant 5terial is aged (Fig. 17) is due to molecular relaxation.
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Figure 15 Constant load (solid symbols) and four point bend (hollow Figure 17 Relaxation residual stresses with time after processing deter-
symbols) tests applied to annealed polycarbonate. mined using the chemical probe technique.
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The chemical probe detects only very near surfac&Summary of processing parameters
stresses that are tensile in nature. The implication ofor filled ABS
this study is that there is a thin layet$0.m) of ma-

terial near the surface in which the residual stress is Material Code: EPS/la EPS/Ib
tensile. The layer removal measurements imply that the \jachine Parameters
residual stress transfor_ms from tensile to compressive .« Machine clamp 160tonne 160 tonne
over a relatively short distance below the surface. This
trend is consistent with modeling predictions for this ~ [OrCE€
system [2]. Max Machine Injection 110cf  110cn¥
volume:
] Max Machine Injection 244 MPa 244 MPa

4. Conclusions )
The layer removal and hole-drilling techniques gave pressurg. o
reasonably consistent results when compared for theMax Machine Injection 157cts 157 cni/s
same principal axis, perpendicular to the flow direction.  rate:

However, the residual stresses estimated by the hole-Process Parameters
drilling method in the other principal axis, parallel to Set barrel temperature: 226 225°C
the flow direction, were compressive over the full depth get mold temperature:
of measurement, \./vh.lch.seems unreasqnable. This may (coolant temp) 80C 60°C
be indicative of a limitation of the analytical approach. Coolant f ; 11 Umi 11 Umi
Further work to validate the hole-drilling method and oolant flow rate: min min
to establish its limits of applicability is required. Measured melt 225-23C 263-268C

The chemical probe technique has been shown, in temperature:
principle, to be a feasible method for determining near- (air shot)
surface residual stresses that the other techniques ar@easured mold
not capable of detecting. temperature:

fixed half 79.3C 59.8°C

Appendix 1 moving half 78.2C 60.3°
Summary of processing parameters Fill time: 0.88sec 0.86sec
for polycarbonate Time for hold pressure: 20.0sec 20.0sec

Material Code: EPQ/lla

Machine Parameters

Max Machine clamp 160 tonne
force:

Max Machine Injection 110 cfn
volume:

Max Machine Injection 244 MPa
pressure:

Max Machine Injection 157 cffs
rate:

Process Parameters

Set barrel temperature: 290

Set mold temperature:

(coolant temp) 110C
Coolant flow rate: 11 l/min
Measured melt 225-23C

temperature:

(air shot)

Measured mold
temperature:

fixed half 108.5C

moving half 108.9C
Fill time: 2.94sec

Time for hold pressure: 30.0sec

EPQ/IIb

160 tonne

110cn¥

244 MPa

157 cnils

310°C

110°C
11 l/min
310-330C

108.5°C
108.9°C
2.55sec
30.0sec

Material Code: EPR/la

Machine Parameters

Max Machine clamp 160 tonne
force:

Max Machine Injection 110 cfn
volume:

Max Machine Injection 244 MPa
pressure:

Max Machine 157 crils

Injection rate:

Process Parameters
Set barrel temperature: 250
Set mold temperature:

(coolant temp) 80C
Coolant flow rate: 11 I/min
Measured melt 256-25¢€

temperature:

(air shot)
Measured mold
temperature:
fixed half 77.5C
moving half 77.7C
Fill time: 0.87sec

Time for hold pressure: 20.0sec

Summary of processing parameters
for ABS

EPRI/Ic

160 tonne

110 cn¥

244 MPa

157 cnils

225°C

80°C
11 l/min
196-198C

77.4°C
77.7°C
5.25sec
20.0sec
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Summary of processing parameters

for nylon 66

Material Code: EPT/la

Machine Parameters

Max Machine clamp 160tonne
force:

Max Machine Injection 110 cfn
volume:

Max Machine Injection 244 MPa
pressure:

Max Machine Injection 157 cffs
rate:

Process Parameters

Set barrel temperature: 290

Set mold temperature:
(coolant temp) 55C

Coolant flow rate: 11 I/min
Measured melt 280-29C
temperature:
(air shot)
Measured mold
temperature:
fixed half 55-58C
moving half 55-58C

EPT/Ic

160tonne

110cn¥

244 MPa

157 cni/s

290°C

75°C
11 l/min
286-288C

71.7°C
72.0°C

Fill time: 2.25sec 1.22sec
Time for hold pressure: 20.0sec 20.0sec
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