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Abstract

A process route is proposed where automated lay-up is followed by stamp forming for the

manufacturing of load carrying components of thermoplastic composite. The focus is on

rapid lay-up, rather than in-situ consolidation, while the final consolidation quality and

shape are achieved by stamp forming. An experimental study offers improved understand-

ing of the relation between blank preconsolidation quality and final quality and the role of

the prepreg. Two C/PEEK prepregs are processed into blanks by ATL and AFP and subse-

quently stamp formed. The consolidation quality of the stamped blanks was characterized

by C-scans, micrographs and density measurements, while the mechanical performance was

evaluated based on flexural tests. The results demonstrate the key role of the prepreg, espe-

cially thickness variations, in the consolidation process, but also that high quality laminates

can be obtained.

Keywords: B. Porosity, E. Automated fiber placement (AFP), E. Consolidation, E.

Forming

1. Introduction

Thermoplastic composites are increasingly being used in industry due to their advantages

over thermoset composites. These advantages include a higher toughness, recyclability and

potential for automated high volume manufacturing due to their weldability and formability.
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The development of new lay-up technologies, such as automated tape laying (ATL) and5

automated fiber placement (AFP), over the past decades has provided new opportunities

for the rapid manufacturing of large and complex components.

One of the benefits of automated lay-up is the possibility for highly automated manu-

facturing of blanks with a high degree of lay-up freedom. This enables the use of tailored

lay-ups, which can be optimized for their final application in terms of local thickness and10

fiber orientations, allowing for more efficient material use and weight reduction compared

to traditional lay-ups of uniform thickness. Moreover, near net-shaped lay-ups can be pro-

duced, which reduces scrap generated by trimming operations.

The current research and development efforts for automated lay-up mainly focus on

material and process optimization to allow in-situ consolidation [1–7], where no expensive15

post-consolidation step is required after lay-up. Potentially, this is a very attractive manufac-

turing route; especially for larger, relatively simple, aerostructures, such as fuselage or wing

skin sections. However, achieving in-situ consolidation still is a major challenge, especially

at economically attractive lay-up rates. This is mainly due to the high heating and cooling

rates and low pressure during the process, which provide very little time for consolidation20

phenomena like void elimination and development of interlaminar bonding. Most industrial

applications therefore still rely on a post-consolidation step, such as press, autoclave or

vacuum-bag-only consolidation, which are time and energy consuming processes.

As an alternative, automated lay-up could also be attractive for smaller and geomet-

rically more complex parts. Here, however, the authors propose to focus on a two-step25

approach. Rather than aiming for in-situ consolidation, lay-up is performed at high rate,

providing limited degree of consolidation. A subsequent, preferably quick and inexpensive,

consolidation step has to be applied to achieve the final consolidation quality. Stamp form-

ing may serve as an interesting alternative to conventional post-consolidation processes.

Stamp forming uses the formability of thermoplastic composites at elevated temperatures30

to shape a flat laminate, a so-called blank, into a complex thin-walled three dimensional

component. The blank is subjected to high heating rates in an IR oven in order to melt

it, then quickly transported to a press, where the blank is quench-cooled by the isothermal
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Figure 1: The proposed process route, combining rapid automated lay-up and stamp forming for the man-

ufacturing of components with tailored lay-ups.

tooling during the forming process. Short cycle times can be achieved, especially compared

to press consolidation, where the tool is heated to the processing temperature and cooled35

down again during each cycle. The short cycle times make the stamp forming process very

attractive for series production and competitive to metal solutions. Despite the relatively

short cycle times, stamp forming provides much more time, in the order of 5 − 20 seconds,

for consolidation phenomena to occur compared to an automated lay-up process, where the

available time is typically less than 1 second. This potentially allows for the use of blanks40

which are not fully preconsolidated prior to stamping, hence enabling higher lay-up rates

compared to lay-up with in-situ consolidation.

The proposed process route, combining rapid automated lay-up and stamp forming as

illustrated in Fig. 1, benefits from the high rate lay-up of flat blanks with a tailored lay-up

and near net shape contour, while still achieving high consolidation quality and a complex45

geometry after stamping. For these reasons, the proposed process route may have the

potential for a step forward in the rapid manufacturing of load carrying components.

Despite the potential of this process route, the two processes allow little time for con-

solidation and the feasibility of the route is yet to be proven. Previous work has shown

promising results on both consolidation quality and mechanical performance after stamp50

forming blanks produced by AFP and ultrasonic welding [8–11], as well as unconsolidated

commingled yarn preforms [12, 13]. However, the achieved consolidation quality and perfor-

mance were below that of conventionally consolidated laminates and further optimization is

required. Improved understanding of the interrelation between the input prepreg material,

the blank manufacturing process, the resulting blank quality, the stamp forming process and55
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the final consolidation quality of the part is required for optimization of the process route

in terms of the final consolidation quality and mechanical performance.

In case of partially preconsolidated blanks, void collapse and interlaminar bonding are

two of the main consolidation mechanisms that have to occur during stamp forming in order

to obtain high quality parts. Therefore, it is expected that there is a strong influence of60

the degree of blank preconsolidation, i.e. initial void content and degree of interlaminar

bonding, on the final consolidation quality due to the limited time for consolidation during

stamp forming. Due to the low degree of preconsolidation achieved during rapid lay-up,

the quality of the prepreg is likely to play a crucial role in the consolidation process. As

with in-situ AFP, important parameters are expected to be initial void content, fiber/matrix65

distribution and roughness [3, 14, 15]. This work focuses on the question whether the final

consolidation quality is indeed strongly influenced by the degree of blank preconsolidation

and whether the consolidation is indeed governed by void collapse and interlaminar bonding.

In order to answer this question, an experimental study is performed where the influence of

prepreg, blank manufacturing process and stamp forming parameters on the final consolida-70

tion quality and mechanical performance are investigated. The results help to understand

the interrelation between the prepreg material, process steps and final consolidation quality

and work towards a successful combination of rapid automated lay-up and stamp forming

for the manufacturing of high performance tailored structures.

2. Experimental work75

The experimental procedure for this work is illustrated in Fig. 2. Two types of C/PEEK

prepregs with similar specifications, but very different cross-sections, are compared in order

to investigate the influence of the initial state of the prepreg and highlight important prepreg

characteristics. Blanks were manufactured from these prepregs through two automated lay-

up processes, resulting in a very different degree of blank preconsolidation. An ATL process80

with only local bonding provides blanks with a minimal degree of blank preconsolidation.

An AFP process provides an intermediate degree of blank preconsolidation with continuous

bonding. Additionally, press-consolidated blanks were produced as a reference of a con-
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Figure 2: The steps in the experimental procedure.

ventional blank that is fully consolidated. The comparison between the three blank types

will highlight the influence of blank preconsolidation level on final consolidation quality. A85

drying treatment was applied before forming to reduce deconsolidation effects by moisture

[16]. The blanks were stamped into flat plates using various process settings in order to

investigate the influence of the stamp forming process conditions on the final consolidation

quality. The formed laminates were subjected to characterization of consolidation quality,

with a focus on void content, and mechanical testing. The procedure is described in more90

detail in the following sections.

2.1. Materials

Two unidirectional C/PEEK prepreg tapes are compared in this work. Both are based on

AS4 fibers and have a fiber volume fraction of approximately 59 %. The prepregs, TenCate

Cetex R© TC1200 [17] and Cytec APC-2 [18], are from this point referred to as TC and CY,95

respectively. Both prepregs have a melting temperature Tm of approximately 343 ◦C and

a recommended processing temperature range of 370 − 400 ◦C and were available in 6 and

1/4 inch width. Although their specifications are very similar, their cross-sections look very

different, as shown in Fig. 3 (a) and (c). The CY prepreg has been around for a long time

and is known for its non-uniform thickness and fiber/matrix distribution and a matrix-rich100

surface. It has intralaminar micro-voids, roughly 5 − 10 %, especially in areas with a high

local fiber volume fraction. The TC prepreg is a more recent tape, which follows the trend
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Figure 3: Cross-sectional micrographs of the (a) as-received and (b) deconsolidated TC prepreg and the (c)

as-received and (d) deconsolidated CY prepreg.

of many modern prepregs by having a void-free cross-section, a smooth surface and a very

uniform fiber/matrix distribution. There is no matrix-rich surface, which is surprising given

that a matrix-rich surface is known to ease interlaminar bonding during rapid processing,105

like AFP [3, 14, 15]. The different cross-sections suggest that processing behavior during

lay-up and stamping is likely to be different as well. A difference in processing behavior can

also be seen in Fig. 3 (b) and (d), which shows a cross-section of the as-received prepreg after

heating it to 390 ◦C in a convection oven for 20 minutes with no external pressure applied.

Void growth and decompaction of the fiber bed, so-called deconsolidation, is known to occur110

under these conditions due to the thermal expansion of dissolved moisture or the release of

internal stresses [16]. As a result of the different processing behavior, the final consolidation

quality and performance obtained after stamping may also be different.

2.2. Blank manufacturing

Blanks with a [0/90]4s cross-ply lay-up of approximately 2.2 mm thick were manufactured115

from both prepregs using three different processes. The procedures for blank manufacturing
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are described below.

• USSW. 330 × 150 mm2 blanks were prepared from 6 inch wide prepreg by ultrasonic

spot welding (USSW). Each ply was locally bonded by spot welds with a diameter

of approximately 10 mm on a 70 × 70 mm2 grid, as is shown in Fig. 4. The spot120

welds provide sufficient blank integrity for handling, while also improving through-

thickness heat transfer. USSW provides an extreme case where there is a complete

lack of consolidation during lay-up and all consolidation has to take place during stamp

forming. Although the spot welding was performed manually, it simulates the case of

a blank produced by an ATL process, such as for example applied in the Fiberforge125

RELAY2000 R©.

• AFP. A Coriolis Composites AFP robot with laser heating was used to produce

350 × 350 mm2 laminates from a single 1/4 inch tow at a rate of 200 mm/s and a

nip-point temperature of approximately 450 ◦C (measured by thermal camera). A

compaction pressure of approximately 4 bar was applied by a silicone roller of 60 SH130

hardness. 330 × 150 mm2 blanks were cut from the laminates. These blanks have

improved interlaminar bonding over the USSW blanks due to the continuous welding

of the AFP process, but still have limited bonding and contain intralaminar voids, as

the focus is on rapid lay-up, rather than in-situ consolidation.

• Press consolidation. 600 × 600 mm2 laminate stacks were laid up manually from135

6 inch prepreg. Each stack was placed between 1 mm stainless steel caul sheets coated

with Marbocote 227 CEE release agent and consolidated in a 200 t Pinette P.E.I.

press. A 20 minute dwell at 386 ◦C and 10 bar, and a cooling rate of 2.5 ◦C/min were

applied, resulting in a 2 hour consolidation cycle. 330 × 150 mm2 blanks were cut from

the laminates. This conventional blank manufacturing process serves as a reference140

for current practice in industry.
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Figure 4: Lay-out of blanks with US spot weld locations and specimen location for analysis after stamping.

2.3. Stamp forming

All blanks were dried in a convection oven for 3 hours at 250 ◦C prior to stamp forming.

Previous work by the authors [16] has shown that this reduces deconsolidation caused by

expansion of dissolved moisture, which is undesired, as it introduces additional voids and145

delaminations that have to be eliminated again during stamping.

The blanks were then stamp formed using flat 250 × 250 mm2 aluminum tooling in a

200 t Pinette P.E.I. press equipped with an infrared oven and automated transfer frame. In

order to investigate the influence of the stamping process, both the blank temperature Tblank

and the consolidation pressure Pcons were varied, as these parameters are known to have a150

significant effect on consolidation quality after stamping [19–21]. A Tblank of 390 ◦C and

a Pcons of 20 bar were applied as baseline, which is usually sufficient for press-consolidated

blanks [17]. The consolidation pressure was applied for 60 seconds while the laminate cooled

down to the tooling temperature of 250 ◦C. The tooling temperature and consolidation time

were kept constant during all experiments. The USSW and AFP blanks, which were, as155

mentioned earlier, not fully consolidated, might require a Tblank and higher Pcons in order to

achieve sufficient consolidation during stamping. Therefore, an increased Tblank of 420 ◦C
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Table 1: Stamp forming parameters. A tool temperature of 250 ◦C and a consolidation time of 60 s were

applied during all experiments.

Blank type Tblank (Tpanel, theat) Pcons

◦C (◦C, s) bar

Press 390 (450, 250) 20

Press 420 (485, 250) 100

USSW 390 (450, 300) 20

USSW 420 (485, 300) 100

AFP 390 (450, 250) 20

AFP 420 (485, 250) 20

AFP 390 (450, 250) 100

AFP 420 (485, 250) 100

and an increased Pcons of 100 bar were also applied. The heating times theat and IR-heater

panel temperatures Tpanel that were required to reach the desired blank temperatures were

determined during heating trials, as described in Appendix A. The process settings are160

summarized in Tbl. 1. Cycle times of 5-6 minutes are achieved thanks to the use of IR blank

heating and a isothermal tooling, which is much faster than the 2 hour press consolidation

cycle used to preconsolidate blanks.

2.4. Consolidation quality

The stamp formed blanks were trimmed to their stamped area of 250 × 150 mm2 and165

their consolidation quality was evaluated, where the focus was on void content and inter-

laminar bonding.

Ultrasonic C-scans were performed using a Sonatest RapidScan2 at a frequency of 5 Mhz.

The scans give a qualitative picture of the global consolidation quality, as areas with porosity

or poor interlaminar bonding will cause damping of the signal, which is visible as dark areas170

in the scans. For further inspection, specimens were cut from the blanks for cross-sectional

micrographs and density measurements. The location of the specimens is specified in Fig.

4. Three 60 × 15 mm2 specimens were used for density measurements in ethanol according
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to ASTM D792. The measured density ρ can be used to estimate the void content vv when

compared to a reference density ρ0 of a void-free laminate according to:175

vv = 1 − ρ

ρ0
× 100% (1)

In this work, the density of the press-consolidated laminates was used as reference.

2.5. Mechanical performance

In order to evaluate the mechanical performance of the stamped laminates, flexural

performance was determined based on 3-point bending tests according to ASTM D 7264 on

an Instron 5900 UTM. Flexural performance is known to be sensitive to voids [22]. The test180

introduces the highest stresses near the top and bottom surface of the specimen. These areas

are also likely to contain most voids, as the cooling rates during stamping are highest near

the surface, which limits the time available for consolidation here. The specimens that were

used for the density measurements were also used for flexural testing. The 0◦ fiber direction

was along the length of the specimens. A support span of 44 mm was applied, resulting in a185

span-to-thickness ratio of approximately 1:20. The load was applied by a loading nose with a

radius of 6.4 mm at a rate of 1 mm/min and measured by a 10 kN force cell. The deflection

of the specimen was measured at the center using a deflectometer. The apparent flexural

strength σmax, which is based on a homogenized elastic beam, is calculated according to:

σmax =
3FmaxL

2bh3
(2)

Here, Fmax is the maximum force, L the support span and b and h are the width and190

thickness of the specimen, respectively.

3. Results

3.1. Consolidation quality

3.1.1. C-scan

Figure 5 shows amplitude plots of the back-wall echo for both the TC and CY blanks after195

stamp forming. The press-consolidated blanks show C-scans identical to their unstamped
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reference blanks with uniform consolidation and no influence of the stamping parameters

Tblank and Pcons. The USSW blanks show very poor consolidation quality in a distinct,

highly symmetric pattern at a Tblank of 390 ◦C and Pcons of 20 bar. Large areas with no

signal feedback indicate poor interlaminar bonding and porosity between the plies, possibly200

due to a lack of pressure. The TC blank showed rough areas on the surface of the blank

corresponding to the dark areas in the C-scan, while large blisters from entrapped air pockets

were observed on the surface of the CY blank. The consolidation quality of the USSW

blanks improves significantly for the increased Tblank and Pcons, although some small defect

areas remain. The C-scans of the TC AFP blanks indicate that some porosity is present205

after stamping at 20 bar, but that consolidation quality improves when increasing Pcons to

100 bar. Increasing Tblank did not affect consolidation quality much. The same trend is not

visible for the CY AFP blanks, where the C-scans look similar for all process settings and

good consolidation already is achieved at 390 ◦C/20 bar.

3.1.2. Microscopy210

Figures 6 and 7 show a selection of cross-sectional micrographs of the three blank types

for the TC and CY prepreg, respectively. The press-consolidated blanks are void-free for

both prepregs both before (Fig. 6 (a) and 7 (a)) and after stamping (Fig. 6 (b) and 7

(b)). The cross-section of the TC USSW blank stamped at a Tblank of 420 ◦C and Pcons

of 100 bar (Fig. 6 (c)) also showed no voids. However, note that this specimen was taken215

from a region that also showed good consolidation in the C-scan and therefore may not be

representative for the entire blank. The TC USSW blank stamped at 390 ◦C/20 bar showed

poor interlaminar bonding, while an additional cross-section taken from a region of the

blank that showed low damping in the C-scan was void-free. Similar results were obtained

for the CY USSW blanks, although some intralaminar micro-voids could still be observed220

in areas with high local fiber density (Fig. 7 (c)). The TC AFP blank (Fig. 6 (d)) shows

incomplete interlaminar bonding and intralaminar voids prior to stamping due to the focus

on high lay-up rates, rather than in-situ consolidation. Prior to stamping, the TC AFP

blanks showed significant deconsolidation during heating in the IR oven (Fig. 6 (e)). Plies
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Figure 5: C-scans of the blanks after stamping. Shown parameters are Tblank and Pcons.
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delaminate and intralaminar voids form, even after the drying treatment, which was also225

observed in previous work by the authors [8, 16]. Some of these voids have remained after

stamping at 390 ◦C/20 bar, primarily at the outermost plies. Increasing Pcons to 100 bar

resulted in a void-free cross-section (Fig. 6 (f)). These observations are consistent with the

C-scans of the TC AFP blanks. The CY AFP blanks (Fig. 7 (d)) show better interlaminar

bonding before stamping. This is most likely due to the matrix-rich surface of the prepreg,230

which facilitates bonding during AFP, even at high lay-up rates. However, the intralaminar

voids that were present in the CY prepreg were not eliminated during AFP. In contrast with

the TC AFP blanks, the CY AFP blanks did not show any sign of deconsolidation (Fig. 7

(e)). In fact, void content appears to decrease during blank heating, even though no external

pressure is applied. Improved interlaminar bonding was also observed for a CY USSW blank235

that was heated to its processing temperature without any external pressure applied. Like

with the CY USSW blanks, some intralaminar micro-voids remain in the CY AFP blanks

after stamping, even at 420 ◦C/100 bar (Fig. 7 (f)). Increasing Tblank or Pcons did not seem

to influence the void content observed in the micrographs of the CY AFP blanks.

3.1.3. Void content240

The void contents based on the density of the blanks after stamp forming are shown in

Figs. 8 (a) and (b) for the TC and CY blanks, respectively. The void-free cross-sections of

the unstamped press-consolidated blanks found in Section 3.1.2 confirm that their densities

can be used as a void-free reference density for estimation of the void content. A void-free

reference density of 1580 kg/m3 was found for both prepregs after press-consolidation. Based245

on the rule of mixtures, a fiber density of 1790 kg/m3 [23], matrix density of 1304 kg/m3 at

35 % crystallinity [24], this corresponds with a fiber volume fraction of approximately 57 %.

The USSW blanks stamped at 390 ◦C/20 bar were not included in the density measurement

due to their highly non-uniform consolidation found in the C-scans. The density measure-

ments of the TC blanks are in line with their C-scans and micrographs. Void-free laminates250

are obtained for press-consolidated blanks. A void content of 1 % is achieved for the USSW

blank. However, note that the specimens were taken from a region that also showed good
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(a) TC Press, unstamped (b) TC Press, 390 ◦C/20 bar (c) TC USSW, 420 ◦C/100 bar

(d) TC AFP, unstamped (e) TC AFP, deconsolidated (f) TC AFP, 420 ◦C/100 bar

Figure 6: Cross-sectional micrographs of the TC blanks before and after stamping. Shown parameters are

Tblank and Pcons. Note: cross-section (c) may not be representative for entire blank.
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(a) CY Press, unstamped (b) CY Press, 390 ◦C/20 bar (c) CY USSW, 420 ◦C/100 bar

(d) CY AFP, unstamped (e) CY AFP, deconsolidated (f) CY AFP, 390 ◦C/20 bar

Figure 7: Cross-sectional micrographs of the CY blanks before and after stamping. Shown parameters are

Tblank and Pcons. Note: cross-section (c) may not be representative for entire blank.
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Figure 8: Estimated void content of the (a) TC and (b) CY blanks after stamping based on density mea-

surements. Void-free reference density TC ρ0 = 1580 kg/m3 and CY ρ0 = 1580 kg/m3. Legend shows Tblank

and Pcons. Note: the density measurement for the USSW blanks may not be representative for the entire

blank.

consolidation in the C-scan and therefore may not be representative for the entire blank.

The void content is slightly lower for the AFP blanks after stamping at 390 ◦C/20 bar, while

increasing Pcons to 100 bar reduces void content to almost zero. Similar results are found for255

the CY blanks, although no clear trend is visible for the AFP blanks and the void content

seems to be higher for the USSW and AFP blanks compared to the TC blanks. This is not

surprising, since the micrographs clearly showed that intralaminar voids were still present

in these blanks after stamping. However, the density measurements seem to overestimate

the void content of the CY blanks compared to the cross-sectional micrographs, possibly260

due to a small difference in fiber volume fraction compared to the reference blank. The void

content of the unstamped AFP blanks was above 5 % for both TC and CY, although this

value is underestimated due to an overestimation of the density by filling of some of the

voids with ethanol.

3.2. Mechanical performance265

Figure 9 shows typical force-displacement curves obtained during flexural testing. All

tested specimens showed a linearly increasing curve with a flexural modulus of approximately

70 GPa. Most specimens showed a minor load drop at approximately 80 − 90 % of the
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Figure 9: Force-deflection curves for the three specimens from the TC AFP blank stamped at a Tblank of

420 ◦C and Pcons of 100 bar.

ultimate flexural stress. Failure occurred by buckling and compressive failure of the top

plies close to the loading nose.270

The apparent flexural strength of the specimens is shown in Figs. 10 (a) and (b) for

the TC and CY blanks, respectively. Again, due to the highly non-uniform consolidation

found in the C-scans, the USSW blanks stamped at 390 ◦C/20 bar were not included in

flexural testing. All stamped specimens show an apparent flexural strength of approximately

1100 MPa. For the TC blanks there seems to be a slightly increasing trend for higher Tblank275

and Pcons, corresponding with the improved consolidation quality observed in Section 3.1.

The CY blanks show similar performance, but no obvious trend for the AFP blanks, which

was also observed for the consolidation quality. The intralaminar micro-voids that were

observed in the CY USSW and AFP blanks do not seem to affect the flexural performance.

The similar strength of the stamped USSW blanks is impressive, given that the plies were280

completely unbonded prior to stamping. However, note that the flexural specimens were

taken from a region that also showed good consolidation in the C-scans and therefore may

not be representative for the entire blank. A drop in strength of about 10 % is found

for all stamped blanks compared to the press-consolidated reference laminates. Additional

DSC analyses showed no difference in bulk crystallinity for all stamped blanks and the285

press-consolidated reference that could explain this strength drop. Further explanation of

the strength drop was considered outside the scope of this work, but may require careful
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Figure 10: Apparent flexural strength of the (a) TC and (b) CY blanks after stamping compared to a

press-consolidated TC reference laminate. The legend shows Tblank and Pcons. Note: the apparent flexural

strength for the USSW blanks may not be representative for the entire blank.

investigation of the obtained microstructure, rather than bulk properties.

4. Discussion

The results showed that promising consolidation quality and mechanical performance290

could be obtained by combining rapid lay-up blanks and stamp forming. The current sec-

tion further discusses the results and identifies the interrelation between input prepreg ma-

terial, preconsolidation process, blank quality, stamp forming process and final consolidation

quality.

4.1. Prepreg thickness variations295

Non-uniform consolidation quality, in particular poor interlaminar bonding with inter-

laminar voids, in combination with a rough blank surface, was observed after stamping the

USSW blanks for both prepregs. While interlaminar bonding is usually considered as the

local deformation of micro-scale surface asperities, also known as intimate contact develop-

ment, followed by polymer interdiffiusion, it is hypothesized that the development of contact300

between the plies on a more global scale is dominant here. This potentially can be attributed

to a mismatch in blank thickness and tooling gap in combination with a lack of material

18



0 50 100 150
Width position (mm)

130
140
150
160
170
180

T
hi

ck
ne

ss
 (

m
)

TC
CY

Figure 11: Prepreg thickness profile across the width (perpendicular to fiber direction). Measured by

micrometer with 3 mm radius tip. Average and standard deviation of five equidistant measurements over a

distance of 10 m along the length of the prepreg (fiber direction).

flow. While thickness variations are usually eliminated during blank manufacturing by a

long press consolidation cycle, they may remain present during rapid automated lay-up.

In order to further investigate this hypothesis, thickness measurements were performed305

on the used prepreg. The thickness profile across the width of the prepreg was measured

by a micrometer with 3 mm radius tip. Figure 11 shows the average thickness profile of

five equidistant measurements over a distance of 10 m along the length of the prepreg (fiber

direction). The results show profiles which deviate sometimes more then 5 % from the

average of 150 µm, but are relatively constant along the length. The CY prepreg shows a310

larger standard deviation due to the strong local variation of matrix content on the surface

of the prepreg.

The thickness of the USSW blanks prior to stamping was estimated based on the prepreg

thickness profiles, assuming that the thickness profile is constant along the length of the

prepreg, and the stacking pattern, as is shown in Fig. 12. The resulting thickness distri-315

butions are shown and compared to the C-scans of the stamped blanks in Fig. 13. The

thickness distributions show highly symmetric patterns similar to the C-scans due to the

mirroring of the plies at the mid-plane, as well as the somewhat symmetric thickness profile

of the prepreg. The well and poorly consolidated regions in the C-scans seem to correspond

with the thickest and thinnest regions, respectively.320

The previous observation supports the hypothesis that intimate contact development

takes place on a more global scale by the elimination of blank thickness variations which

originate from prepreg thickness variations, rather than local intimate contact development.
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Figure 12: Blank thickness estimation based on prepreg thickness profile and stacking pattern.

In case of a USSW blank, the small thickness variations in the prepreg are added up when

stacking multiple plies on top of each other, especially when the stacking pattern is very325

regular. At a low pressure of 20 bar there is not enough time for material redistribution by

flow and achieving uniform consolidation. Instead, most pressure is carried by the thickest

regions and the thin regions experience insufficient pressure for interlaminar bonding and

void elimination. Increasing the pressure increases the generated flow, hence consolidation

quality of the USSW blanks improved significantly by increasing the pressure to 100 bar.330

Similar thickness variations may be expected in AFP blanks. Since AFP tows are generally

slit from wide prepreg rolls, the thickness profile of the prepreg persists as the tow-to-tow

thickness variation. However, the AFP blanks in this work were prepared using a single

1/4 inch tow, hence thickness variations due to tow-to-tow differences were not present

within a blank, assuming that the thickness variation along the length of the prepreg is335

negligible. Additionally, thickness variations may arise from gaps and overlaps that appear

due to tow width variation, lay-up tolerances or tape widening.

4.2. Other prepreg characteristics

Besides the previously discussed thickness variations, other characteristics of the prepreg

play an important role in the consolidation behavior of the blanks. Firstly, the fiber/matrix340

distribution plays an important role in interlaminar bonding. This is well known and is

confirmed by the results. The non-uniform fiber/matrix distribution and matrix-rich surface

of the CY prepreg seem to facilitate interlaminar bonding both during AFP and stamp
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Figure 13: Estimated blank thickness distribution of the USSW blanks before stamping and C-scans after

stamping. Shown parameters are Tblank and Pcons.

forming. This is supported by the reasonably good interlaminar bonding in the cross-

sectional micrograph of the CY AFP blank (Fig. 7 (d)) and the full interlaminar bonding345

that was already achieved after stamping at low pressure and blank temperature (Figs. 7

(f) and 5). In fact, interlaminar bonding already improved while heating the CY USSW

and AFP blanks to its processing temperature without any external pressure applied (Fig.

7 (e)). Achieving good interlaminar bonding seemed more challenging for the TC prepreg

with a more uniform fiber/matrix distribution and lack of matrix-rich surface, as the C-350

scans and micrographs indicated incomplete interlaminar bonding at low pressure and blank

temperature (Figs. 6 (f) and 5). Since it is well known that interlaminar bonding benefits

from a matrix-rich surface, it is surprising that many modern prepregs tend to have a lack

of matrix on the surface.

Secondly, the non-uniform fiber/matrix distribution of the CY prepreg is accompanied355

21



by the presence of micro-voids in the prepreg (Fig. 3 (c)). These were not present in the

TC prepreg (Fig. 3 (a)). The larger initial void content of the CY prepreg also leads to a

higher final void content, as these micro-voids are not completely eliminated during both

blank manufacturing and stamp forming (Fig. 7 (f)). The local dense fiber packing most

likely hinders two flow of matrix that is required to collapse the voids. Nevertheless, it is360

worth mentioning that the void content was low enough to not significantly affect flexural

performance, although other mechanical properties may be more sensitive.

Finally, the two prepregs showed a striking difference in deconsolidation behavior of the

as-received prepreg (Figs. 3 (b,d)). This behavior seems to persist in the AFP blanks (Figs.

6 (e) and 7 (d)). In both cases, the TC prepreg showed more deconsolidation than the CY365

prepreg, possibly due to a combination of frozen-in fiber stresses in the prepreg and a lack of

interlaminar bonding in the TC AFP blanks [16]. The CY prepreg and AFP blank showed

no significant deconsolidation. Despite the deconsolidation observed for the TC AFP blanks,

the results show that the additional voids and delaminations formed by deconsolidation can

be eliminated again during stamp forming. However, the combination of deconsolidation and370

the absence of a matrix-rich prepreg surface could explain why the TC AFP blanks require

more pressure for good consolidation than the CY AFP blanks. Moreover, it is expected

that a loss of blank integrity due to deconsolidation will affect forming behavior and lead to

forming defects during stamping of more complex geometries.

Based on the discussion of the four important prepreg characteristics, a prepreg that375

enables good consolidation during the processing route has a very uniform thickness, matrix

rich surface, is void-free and does not deconsolidate significantly.

4.3. Influence of blank preconsolidation state

The three blank manufacturing processes investigated in this work resulted in various

degrees of preconsolidation ranging from almost none, with only local bonding between the380

plies, to fully preconsolidated. While a significant influence of the blank preconsolidation

state, in particular degree of interlaminar bonding, on the final consolidation quality was

expected, the difference between the three blank types was only modest. However, the
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consolidation window during stamp forming at low blank temperature and consolidation

pressure is clearly too short to fully consolidate the USSW blanks. Unlike initially expected,385

this is not due to the initial lack of interlaminar bonding in the blank, but can mainly be

attributed to the thickness variations in the prepreg, as discussed in Section 4.1. Hence, the

ability to consolidate a blank during stamp forming seems to be mainly determined by the

thickness variations and the properties that govern the flow that is required to redistribute

the material, such as viscosity, temperature and pressure.390

4.4. Influence of stamp forming parameters

The influence of the stamp forming parameters was confirmed by the fact that increas-

ing the blank temperature and stamping pressure significantly improved the consolidation

quality of the USSW blanks to a level that is close to the other blank types. Increasing

the consolidation pressure for the AFP blanks also resulted in improved consolidation qual-395

ity, while the influence of an increased the blank temperature was negligible. Considering

this, it may be advisable to stick to lower blank temperatures (within the recommended

processing range) in order to reduce heating time and limit potential polymer degradation.

Additionally, an increased tool temperature will reduce the cooling rate and increase the

consolidation window, although this was not tested in this work. Non-isothermal tooling,400

for example using induction heating and water cooling, could be helpful in this case, as it

allows for high heating and cooling rates in order to maintain a short cycle time.

4.5. Blank manufacturing by rapid automated lay-up

Despite the large variation in the initial blank quality, similar consolidation quality was

achieved after stamp forming for all blank types. A void content of less than 1 % was405

obtained and flexural performance was identical for all blank types. This confirms that

high quality laminates can be produced by stamp forming blanks manufactured by rapid

automated lay-up.

Of the two tested automated lay-up technologies, AFP seems most promising, as the

consolidation quality and mechanical performance are similar to press-consolidated blanks410
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after stamp forming, even at low blank temperature and consolidation quality. However,

this study has only looked at stamp forming of flat laminates manufactured from a single

tow. The influence of tow-to-tow thickness variations was not investigated, but could lead

to similar problems as with the USSW blanks.

A key challenge in the consolidation of automated lay-up blanks is the elimination of415

the mismatch in blank thickness and tool cavity. This challenge further increases when

parts become more complex. The ability to ensure sufficient consolidation pressure on

the entire part during forming depends on the compaction and flow behavior of the used

prepreg. Further research on this is required to get more insight in the allowable thickness

variations and required process parameters. Additionally, using non-rigid tooling would420

allow the tooling to accommodate for small variations in blank thickness and provide a

more uniform pressure distribution. This would mean that less material flow is required and

lower consolidation pressures would be possible. Further research should cover more complex

geometries, which include forming and tailored lay-ups. The deconsolidation of AFP blanks

deserves additional attention, as the reduced blank integrity may affect the forming behavior425

when forming more complex parts, as was discussed in Section 4.2. Similar issues may be

expected when forming USSW blanks, since the local spot welding provides very little blank

integrity. Another drawback of the USSW blanks is their increased heating time (by 20 %

in this work) due to the poor through-thickness thermal conductivity. This increases both

cycle time and the risk of polymer degradation.430

5. Conclusions and Recommendations

The combination of rapid automated lay-up and stamp forming was investigated as a

potential promising process route for the manufacturing of load carrying tailored compo-

nents. A main common characteristic of the two processes is the limited amount of time

for consolidation. This means that thorough understanding of interrelation between input435

prepreg material, preconsolidation process, blank quality, stamp forming process and final

consolidation quality is necessary to bring this process route forward.
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An experimental study was performed where two C/PEEK prepregs were processed into

blanks by two rapid lay-up processes, AFP and USSW, and conventional press consolidation,

providing various degrees of preconsolidation. These blanks were subsequently stamp formed440

at various process conditions. Characterization of consolidation quality of the stamped

blanks was performed by C-scans, micrographs and density measurements. Mechanical

performance was evaluated based on flexural tests.

The results confirm that void collapse and interlaminar bonding are the two main mech-

anisms that govern consolidation during stamp forming. However, interlaminar bonding was445

found to be dominated by the elimination of global thickness variations in the blank, rather

than local intimate contact development between plies on a micro-scale. As a result, the

blank thickness variations have a far more significant influence on the final consolidation

quality than the initial degree of interlaminar bonding in a blank. When the redistribu-

tion of material by flow is insufficient during the short consolidation window during stamp450

forming, this results in a non-uniform pressure distribution and poorly consolidated regions.

When the thickness variations are within acceptable limits, full interlaminar bonding can be

achieved during stamp forming. An increased the consolidation pressure allowed for larger

thickness variations, while the influence of an increased blank temperature was negligible.

The results also confirm that the quality of the pepreg used to manufacture the blanks is455

crucial to the consolidation process. Four key prepreg characteristics were identified.

• Thickness distribution. Small prepreg thickness variations can cause significant

blank thickness variations when stacked into a blank. For this reason, a uniform

prepreg thickness can be considered as one of the most important prepreg character-

istics. The thickness variations of the tested prepregs were of large influence on the460

consolidation of USSW blanks. Strong thickness variations were not observed in the

tested AFP blanks due to the use of only a single tow, but may also occur in multi-tow

AFP blanks due to tow-to-tow thickness variations.

• Fiber/matrix distribution. A matrix-rich surface of the prepreg was found to

ease interlaminar bonding and material redistribution both during rapid lay-up and465
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stamp forming, allowing faster consolidation and the use of lower pressures. Having a

matrix-rich surface is therefore very beneficial for blanks produced by rapid automated

lay-up.

• Intralaminar void content. Completely removing intralaminar voids that were

initially present in the prepreg was not possible during both rapid lay-up and stamp470

forming under the studied conditions. Nevertheless, the final void content was low

enough to not reduce the flexural performance, hence a low initial intralaminar void

content seems acceptable.

• Deconsolidation behavior. The deconsolidation behavior of a prepreg was found

to persist in blanks manufactured by rapid automated lay-up. Deconsolidation can be475

significant and highly prepreg specific. The combination of blank deconsolidation and

the absence of a matrix-rich prepreg surface increases the time and pressure required

for consolidation. Despite this, deconsolidation of AFP blanks was not found to have

a major impact on final consolidation quality.

The current work has demonstrated that high quality laminates with a void content480

below 1 % can be obtained after stamp forming, even when using blanks with a very low

degree of preconsolidation. The flexural strength obtained after stamping of the rapid lay-

up blanks considered was identical to that of stamped press-consolidated blanks. Results

were most promising for lay-up by AFP. This gives confidence that the proposed process

route has the potential for a step forward in the manufacturing of load carrying components.485

Further research should focus on the compaction and flow behavior of blanks in order to

obtain more insight in the maximum allowable thickness variations and required stamping

parameters. Furthermore, smart stacking of prepreg and the use of non-rigid tooling may

improve consolidation quality after stamp forming by reducing blank thickness variations and

by providing a more uniform pressure distribution, respectively. The current work should490

be extended to the consolidation of more complex parts, which include lay-up tailoring

and single and double curvatures. The influence of a low blank integrity due to limited
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interlaminar bonding or deconsolidation on forming requires additional attention, as this

may lead to unexpected forming behavior and forming defects.
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Appendix A. Blank heating behavior

The heating times theat in the IR oven that are required to achieve the desired blank505

temperatures Tblank were determined during heating trials with laminates having thermo-

couples embedded at the mid-plane and underneath the surface plies. Figure A.1 shows

results of the heating trials for the three blank types at a panel temperature Tpanel of 450 ◦C

and a desired Tblank of 390 ◦C. The time required for the entire blank (i.e. both surface and

mid-plane) to reach the desired temperature is dependent on the blank type. The AFP and510

press-consolidated blanks show very similar heating curves with very minimal temperature

lag between surface and mid-plane, indicating good through-thickness thermal conductivity.

The temperature lag is much larger for the USSW blanks due to the poor through-thickness

thermal conductivity. This is because of the local bonding, which results in a lack of ply

contact and insulating air layers between the plies. All blanks show a divergence of the515

mid-plane and surface temperature when crossing the melt temperature due to deconsoli-

dation, which reduces the through-thickness thermal conductivity by the formation of voids

and delaminations.
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Figure A.1: Blank mid-plane and surface temperature measured by embedded thermocouples during heating

trials at a heater panel temperature of 450 ◦C. Note: tool temperature was 240 ◦C during heating trials.

Table A.1: IR heating parameters.

Blank type Tblank Tpanel theat

◦C ◦C s

Press, AFP 390 450 250

USSW 390 450 300

Press, AFP 420 485 250

USSW 420 485 300

The required heating parameters determined from the heating trials are shown in Tbl.

A.1. A theat of 250 seconds at a Tpanel of 450 ◦C were sufficient to reach a Tblank of 390 ◦C520

for press-consolidated and AFP blanks, while the USSW blanks require 300 seconds. Note

that, at this time, the surface ply of the USSW blanks already has been above the processing

temperature for 75 seconds, which could potentially lead to polymer degradation. Increasing

Tpanel to 485 ◦C was sufficient to reach a Tblank of 420 ◦C in the same theat.

In Fig. A.1 all blanks show the same cooling curve with almost no through-thickness525

thermal gradient once they are stamped between the isothermal tooling. The blanks reach

the tooling temperature of, in case of the heating trials, 240 ◦C in approximately 20 seconds.
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