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复合材料制造工艺 (DFM)

Products

ResourceProcess

Manufactural part
Manufacturing Process 

Cost
Manufacturing facility
Qualification process

Products: function, structure, 
material, shape, tolerance

fibers

matrix

Process  : resin infusion 
molding,  pre preg autoclave, 

filament winding, Compression 
(SMC, BMC)

Model, Method, tools : simulation, tests, … 

Context: extended enterprise, integrated production design, ...
Objectives: technological traceability, accuracy, global optimization

Constraints: pertinence, accuracy, responsiveness
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如何选择制造工艺

Manufacturing method

Time 

Production volume

Conception time
Consistent performance 

and processing 
characteristics 

Performance

Mass Weight Saving Weight / performance 
ratio

Mechanical performance

Fatigue, tensile, Stiffness

Corrosion

Good ageing

Repair

Cost

Cost of material

Tooling costs

Investment cost

Fabrication cost (energy 
consumption,…)
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如何选择制造工艺

M
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Production volume 

Filament winding 

Contact Molding 

Short Fiber injection RTM, Infusion 

Manual / Automatic draping 
(AFP, ATL) Pre-Preg
Curing in Autoclave

RIM, SMC, BMC
Curing in Autoclave

Pultrusion, 

Source : 
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高性能结构复合材料制造工艺(固化)流程

Preparation of 
textile 

In tools De-molding Resin Flow Draping + 
Form  

CURING 

In autoclaveSource : 

Cost by operation 

Woven
Cut Draping Resign 

flow
Manufacturing



制造工艺仿真
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制造工艺仿真 - 目的
• Check manufacturability 

• Determination of process induced deformations (dimensional accuracy)

• Evaluation of the effects of residual stress (structural analysis)

• Process optimization / Compare manufacturing options : 

• Curing Cycle, 

• Stacking definition (material, thickness, orientation)

• Design

• Mold (design, material, tools)

• Process control 

Profits :

Production support – process for a robust design

Optimization of the process 

Control on potential dimensional (for assemblies) 

Firstly :

Next : 
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制造工艺仿真 – 获得结果
Prediction of with time history
• Internal stresses during curing
• Deformation during curing 
• Temperature distribution, 
• Degree of cure 

• Residual stresses after de-molding
• Deformation after de-modeling

Take into account 
• Material history during curing process (temperature and degree 

of cure)
• Thermal and Mechanical interaction with the mold

Assemement: 
• Mounting tolerances, dimensions of tool

Source: 
Thesis :  Analysis of process-induced distortions 
and residual stresses of composite structures 
University of Bremen (GE) 
Christian Brauner
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西门子制造工艺仿真整体解决方案

Siemens PLM Software

Fibersim 真实纤维朝向

Siemens PLM Software

Samcef
• Cure kinetic model
• Matrix properties
• Homogenization (orthotropic UD)

材料热化学/力学属性

复材构件

residual stresses
deformed geometry
(spring-in / spring-out)

模具数模

力学边界条件（接触）

Siemens PLM Software

NX morphing

Siemens PLM Software
Thermal / Flow
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Compute the deformed stage & stress 
state

Design as manufactured

西门子制造工艺仿真整体解决方案

Compute the fiber orientation
Composite Part 

Update the CAD

Compute Thermal / 
Flow



热分析
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固化过程热分析

Thermal modeling: evolution of temperatures, degree of cure, Tg over time and space

Purely viscous

no load 
no residual stress

Visco-elastic

stress generation
but relaxation

Elastic

linear 
behavior

glass transition
𝑇𝑇𝑔𝑔(𝑋𝑋) ≥ 𝑇𝑇

gelation
𝑋𝑋 ≥ 𝑋𝑋𝑔𝑔𝑔𝑔𝑔𝑔

Mold temperature

Temperature in the part

Glass transition temp.

Degree of cure
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热模型

Thermal initial-boundary value problem:

Internal heat generation:

Degree of conversion (degree of cure):

𝜌𝜌
𝜕𝜕(𝑐𝑐 𝑇𝑇)
𝜕𝜕𝜕𝜕

= −
𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

−𝑘𝑘𝑖𝑖𝑖𝑖
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝒒𝒒

𝑞𝑞 = 𝜌𝜌𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇
𝜕𝜕𝑿𝑿
𝜕𝜕𝜕𝜕 1 −𝑀𝑀𝑓𝑓

0 ≤ 𝑿𝑿 𝒕𝒕 =
𝐻𝐻 𝜕𝜕
𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇

= �
0

𝑡𝑡
�̇�𝑋𝑑𝑑𝜕𝜕 ≤ 1
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固化动力学模型

Cure kinetic models in SAMCEF

• n-order

• autocatalytic

• Kamal & Sourour

• Lee, Chiu & Lin

• Lee, Loos & Springer

• User-defined

�̇�𝑋 𝜕𝜕 = 𝑓𝑓(𝑋𝑋,𝑇𝑇)

�̇�𝑋 = 𝑘𝑘 1 − 𝑋𝑋 𝑛𝑛 𝑘𝑘 𝑇𝑇 = 𝐴𝐴 exp −
𝐸𝐸
𝑅𝑅𝑇𝑇

𝑘𝑘𝑖𝑖 𝑇𝑇 = 𝐴𝐴𝑖𝑖 exp −
𝐸𝐸𝑖𝑖
𝑅𝑅𝑇𝑇

�̇�𝑋 = 𝑘𝑘 𝑋𝑋𝑚𝑚 1 − 𝑋𝑋 𝑛𝑛 𝑘𝑘 𝑇𝑇 = 𝐴𝐴 exp −
𝐸𝐸
𝑅𝑅𝑇𝑇

�̇�𝑋 = (𝑘𝑘1 + 𝑘𝑘2 𝑋𝑋𝑚𝑚) 1 − 𝑋𝑋 𝑛𝑛

𝑘𝑘𝑖𝑖 𝑇𝑇 = 𝐴𝐴𝑖𝑖 exp −
𝐸𝐸𝑖𝑖
𝑅𝑅𝑇𝑇�̇�𝑋 = 𝑘𝑘1 1 − 𝑋𝑋 𝑛𝑛1 + 𝑘𝑘2 𝑋𝑋𝑚𝑚 1 − 𝑋𝑋 𝑛𝑛2

𝑘𝑘𝑖𝑖 𝑇𝑇 = 𝐴𝐴𝑖𝑖 exp −
𝐸𝐸𝑖𝑖
𝑅𝑅𝑇𝑇�̇�𝑋 = �(𝑘𝑘1 + 𝑘𝑘2 𝑋𝑋)(1 − 𝑋𝑋)(𝐵𝐵 − 𝑋𝑋) ∀𝑇𝑇 ≤ 𝑋𝑋𝐶𝐶

𝑘𝑘3(1 − 𝑋𝑋) ∀𝑋𝑋 > 𝑋𝑋𝐶𝐶



映射分析
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Simulation strategy : Sequential coupled thermo mechanical analysis

Advantages of sequential coupling:

• Dependency from thermal to mechanical but not reverse

• Less CPU time

• Flexible coupling, possibility to use different discretization / mesh 

映射分析



力学分析



Unrestricted © Siemens AG 2016

XX.XX.20XXPage 20 Siemens PLM Software

固化过程力学分析

Mechanical modeling: evolution of mechanical properties of the matrix during curing

Purely viscous

no load 
no residual stress

Visco-elastic

stress generation
but relaxation

Elastic

linear 
behavior

glass transition
𝑇𝑇𝑔𝑔(𝑋𝑋) ≥ 𝑇𝑇

gelation
𝑋𝑋 ≥ 𝑋𝑋𝑔𝑔𝑔𝑔𝑔𝑔

Mold temperature

Temperature in the part

Glass transition temp.

Degree of cure

Time
Te

m
pe

ra
tu

re

I   II   III   

Gel point Vitrification point
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固化力学分析流程

Computation at each Gauss point:

Isotropic 
resin matrix 
(liquid/rubbe

ry/glassy) 
depending 
on T, X, Tg

Transversel
y isotropic 

fibers, 
temperature 
dependent

homogenization 
of the composite 

properties 
(stiffness, CTE, 

chemical 
shrinkage)

Total strain 
increments 
(thermal, 
chemical, 
mechanical)

Elastic stress 
increment with 
corresponding 
stress relaxation 
(Maxwell-
Wiechert model)



材料参数识别
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固化分析所需材料参数
Material properties  to support the simulation 
process : 
• Thermo-chemical characterization 

• Kinetic of the curing reaction
• Characterization of the specific heat
• Characterization of the glass transition 

temperature
• Volumetric characterization

• Rheological characterization 
• Thermo-mechanical characterization (to 

different material state) 

Some properties are provided by material 
suppliers but not all as requested

Some parameters are already available on 
research communities
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基本热物理属性测定方法

• allows to obtain the evolution of the degree of curing depending on the temperature
• obtain the evolution of Tg according to the degree of curing,

Differential Scanning Calorimetry (DSC)

• Allow to obtain the evolution of Young  modulus according the curing cycle

Dynamic Mechanic Analysis 

• Measuring the coefficient of thermal expansion

Traction test to different temperature 

• measuring the expansion of a sample as a function of the temperature cycle

Thermo mechanical analysis (TMA)

• Conductivity parameters 

Laser Flash, Rheometer, DTMA,, …
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西门子材料参数识别解决方案

Test protocol

Parameter identification

FE Composite Modelling

Assist for tests 
definition

• Protocol for material testing (few standard tests, 
but specific stacking sequences)

• Transfer of technology

• Parameter identification (based on standard 
software; simple procedure)

• Transfer of technology

• Support the virtual testing

Guide through 
parameter identification

Curing analyses



成功案例
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Mechanical analysis
e.g. distortion of “As-planned” and “As-build” structures

船用双曲面螺旋桨叶片
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大型飞机机翼

o Use case 2: flap (4m long)

Shape distortion resulting from 
the curing



结论
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Manufacturing Process overview
Siemens Solution

Siemens PLM Software

Fibersim

Siemens PLM Software

Simulation Software
NX Thermal Flow / Samcef



Unrestricted © Siemens AG 2016

XX.XX.20XXPage 31 Siemens PLM Software

西门子制造工艺仿真整体解决方案

Siemens PLM Software

Fibersim 真实纤维朝向

Siemens PLM Software

Samcef
• Cure kinetic model
• Matrix properties
• Homogenization (orthotropic UD)

材料热化学/力学属性

复材构件

residual stresses
deformed geometry
(spring-in / spring-out)

模具数模

力学边界条件（接触）

Siemens PLM Software

NX morphing

Siemens PLM Software
Thermal / Flow
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