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The addition of graphitic fibers and flakes as fillers is commonly used to control the thermal
expansion of metals. Sintered metal matrix composites with a planar distribution of graphite
flakes show a low or negative thermal expansion coefficient perpendicular to the orientation
plane of the graphite (z-CTE). Since the metal matrix has a positive isotropic expansion and
graphite has a high z-CTE, this effect cannot be explained by a simple model of stapled metal-
graphite layers. Instead, a mechanical interaction between graphite and matrix must be
considered. With neutron scattering measurements we show that there is little or no strain of
the graphite flakes caused by the matrix, which can be explained by the high modulus of
graphite. Instead, we suggest that a macroscopic crumpling of the flakes is responsible for the
low z-CTE of the composite. The crumpled flakes are thicker at low temperature and get
stretched and flattened by the expanding matrix at high temperature, explaining the reduction

in the thermal expansion across the orientation plane.
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1. Introduction

A mismatch in the coefficient of thermal expansion (CTE) is a serious issue for systems
working under temperature fluctuations such as heat sinks[1, 2] or high performance engines,
in which components made of different metals or even ceramics are mechanically connected.
If the different thermal expansion is not absorbed by flexible components, the induced stress
will weaken the structure and may cause failure. Carbon based particles and fibers are widely
used as filler in metal matrices for reducing the CTE[3, 4, 13, 5-12]. Carbon fibers and
carbon nanotubes have a low or negative CTE along the fiber direction, graphene and graphite

flakes along the crystal lattice plane. For niche applications, even synthetic diamond particles
1


https://core.ac.uk/display/228064792?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:valerio.oddone@gmail.com

are used[9], which have a low CTE in all three directions. These properties are partially

transferred to the composite.

Metals normally have an isotropic CTE. Crystalline graphite flakes show low in-plane (x,y)
CTE and high through-plane (z) CTE. Remarkably, for sintered graphite metal composites
with a planar distribution of the graphite flakes, the opposite behavior was observed. The
composites have a high x,y- CTE and low or even negative z-CTE, which cannot be explained
by the rule of mixtures of the components considering the different elasticity moduli. The
effect was reported previously for copper-graphite composites[10, 14] and for composites

with aluminum and magnesium alloys as matrix, for various graphite powders and production

parameters[11]. The same results for copper-graphite composites were later perfectly

discussed below! A similar effect was reported by Hutsch et al[16] for composites with
tungsten matrices and above 70°C for copper matrices, later for iron matrices[17]. Hutsch

attributed the effect in iron-graphite composites to the formation of grain-boundary cementite

during sintering. Zhou et al[18] measured slightly lower z-CTE than x,y-CTE in termary

diameter): On the other hand, Rawal[6] reported a strong CTE reduction on the x,y-plane, as
in pure graphite, for composites produced by diffusion bonding and Prieto et al[13] for
composites produced by metal infiltration and with a filler composition of 90% graphite and
10% carbon fibers. The fiber content indeed reduces the x,y-CTE and increases the z-CTE.

However, we still observed lower z-CTE than x,y-CTE for filler mixtures with up to 25%

carbon fibers[19]. Pure carbon fibers as filler resulted in higher z-CTE and lower X,y-
CTE[12].

In this paper we discuss in detail the thermal expansion of sintered metal matrix composites

with a planar distribution of graphite flakes in view of the models to describe the observed
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behavior. The reduced z-CTE was previously explained by a strain of the graphite flakes
induced by the metal matrix. By neutron scattering measurements we show that no such strain
is present in the filler material. Instead, we propose a macroscopic stretch of folded graphite

flakes as the origin of the anomalous CTE.
2. Materials and methods

Metal matrix composites with large graphite flakes as filler were produced by spark plasma

sintering (SPS). The characterization was performed by dilatometry and neutron scattering.

A mixture of metal powder and large graphite flakes (approx. 10 pm x 500 pum, NGS
Naturgraphit, Germany) was prepared by manual mixing. The matrix to filler ratio is 1:1 in
volume, unless stated otherwise. The following metal powders were used: pure copper (3 um,
Sigma Aldrich), aluminum alloys (Al7075 and Al2024, 25 um, Ecka Granules, Germany), a
magnesium alloy (mechanically alloyed Mg-0.9Ca, Helmoltz-Zentrum Geesthacht, Germany)
and the metal mixture AM431 (Alumix 431, Al-1.5Cu-2.5Mg-5.5Zn, 60 um, Ecka Granules,

Germany).

Sintering was performed by SPS in a Dr. SinterLab Jr. 211Lx. Cylindrical samples with a
diameter of 6 mm and a height of 4-5 mm were produced in graphite crucibles with a
unidirectional pressure of 50 MPa. The heating rate was set to 100 K min™ up to 100 K below
the maximal temperature, followed by 50 K min to the maximal temperature. The maximal
temperature was 600°C for copper, 550°C for Al2024 and Mg-0.9Ca, 500°C for Al7075 and
AMA431; it was held for 4 minutes. The heating was performed in a vacuum of 1 Pa. We did
not observe significant variations in the results when increasing the holding times, or reducing

the sintering temperature, heating rates, and pressure.

The unidirectional pressure of the SPS process orients the graphite flakes on a plane

perpendicular to the pressure, as visible in Figure 1.
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Fig. 1 Optical micrograph of a graphite composite parallel to the pressing axis (z-direction). The
orientation of the graphite flakes (dark) on the x,y-plane is clearly visible.

Most samples received a T6 thermal treatment prior to the measurements, i.e. 2 h solution
heat treatment, quenching in cold water, and 18 h artificial aging. For Al7075 and AM431 the
heat treatment was performed at 450°C, aging at 160°C; for Al2024, respectively, 470°C and
190°C. Samples of Mg-0.9Ca were annealed for 2 h at 350°C. Copper samples were not

treated.

Measurements were also performed on samples produced for previous studies [11, 14]. They
include various additional metal powders, such as pure copper, pure aluminum and pure
magnesium, aluminum and magnesium alloys (in particular the Al-Si powder mixture
AM231), as well as different graphite flakes, varying the metal to graphite ratios, alternating
powder mixture preparations and sintering parameters. These samples will be clearly

indicated; their production details are available in the references.

Thermal expansion measurements were performed by dilatometry with a Linseis L75XH1000.
Between three and ten cycles from 35°C and 155°C were performed with heating/cooling
rates of up to 1 K min’t (some materials needed more cycles before showing a stable behavior
after sintering. See also Fig. 2). This temperature range is sufficient for the envisioned
application of the material as heat sinks. The average physical CTE between 90°C and 110°C
was used for the evaluation, since it is least affected by hysteresis that was in part caused by
the measuring technique. Selected samples were tested up to 350°C for a better understanding

of the physical mechanism behind the anomalous CTE.
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Neutron scattering was used for determining thermal strain and expansion in the graphite
flakes several millimeters below the surface of the composite. The measurements were
performed at the Helmoltz-Zentrum Berlin for Materials and Energy, using the neutron source
BER Il and the experimental setup E3, Residual Stress Analysis and Texture Diffractometer.

The neutron wavelength was 0.147 nm (38 meV).

The lattice parameters of the graphite flakes were measured in various metal matrices between
50°C and 150°C. We measured the thermal expansion of the graphite flakes inside and
outside the composite to investigate the strains induced by the metal matrix. Measurements of
the 006 diffraction peak were used to determine the z-strain, while measurements of the 105

and 112 peaks were used to investigate strains in the x,y-plane.
3. Results and discussion

We evaluated the CTE of metal matrix composites with a planar distribution of graphite
flakes. To ensure that the observed behavior is generally found in graphite-metal composites,
a great variety of matrices was considered. Crystalline graphite has a x,y-CTE of -1 ppm K
(in-plane) and z-CTE of 28 ppm K (through-plane)[25]. The metals used have a CTE
between 17 ppm Kfor copper and over 25 ppm K*for magnesium alloys. For all composites,
the measured CTE is low or even negative (-10 ppm K1) along the z-axis and around 15

ppm Kt in the x,y-plane. This is geometrically opposite to the properties of the graphite filler
(Table 1). Aluminum alloys matrices have lead to a negative z-CTE. It persists up to 150-
200°C and slowly shifts to positive values for higher temperatures. For lower graphite
concentration, the CTE decreases linearly from the value of the pure matrix to the values of
the 1:1 composite; higher graphite concentrations are difficult to achieve due to the
mechanical instability of the obtained composites[11].

The lowest z-CTE of the composites is achieved for metal matrices with high CTE, especially
for the aluminum alloys. For matrices with higher elasticity modulus (aluminum alloys
Al2024, Al7075 and AM431) we observe lower z-CTE in the composite. Samples produced
with the high strength aluminum alloy Al7075 have a much lower z-CTE than samples with
the soft pure aluminum and magnesium alloy matrix. Both effects suggest that the matrix
produces strain in the graphite flakes.

Table 1 In the top lines of the tables, the experimental CTE (ppm K*) of sintered metals and
composites with 1:1 metal to graphite concentration are reported (data from Firkowska et al. for

Copper[14] and from our previous study[11]). In the bottom part of the table, for a given x,y-CTE of
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the composite (experimental value), the Poisson’s ratio was used to calculate the z-CTE of the
compressively strained matrix and Firkowska’s theory was used to predict the z-CTE of the stretched
matrix [14]. For a 1:1 volumetric ratio of metal and graphite, the sum of matrix and filler gave the

theoretical z-CTE of the composite.

Material Cu Al AI2024 AI7075 AM431 AM231 Mg-0.9Ca AZ31

Matrix CTE 17 235 247 24.1 24.4 18.5 25.8 25.8
Composite x,y-CTE 12 196 16.6 175 20.2 10.9 17.6 175
Composite z-CTE 2 10 -7.3 -9.2 -4.2 -2.9 2.1 2.5
Poisson’s ratio (matrix) | 0.33 0.32  0.32 0.32 0.32 0.32 0.28 0.28
Strained matrix z-CTE (th) | 24 28 35 33 30 28 35 35
Strained graphite z-CTE (th) | -26  -32 -30 -30 -33 -25 -30 -30
Composite z-CTE (th) 2 A4 5 3 -3 3 5 5

Hutsch et al suggested the formation of cementite during sintering, i.e. an intermetallic
compound of iron and carbon [17]. We exclude a similar effect for our aluminum matrix. In a
previous work [19] we showed that the carbide formation at the interface between graphite
and metal is not significant and increases for higher sinter temperatures. The CTE instead is
independent of the sinter temperature. The large number of examined metal matrices excludes
such explanations that depend on the specific material constitution. Instead, we considered

mechanical models to explain the anomalous expansion.

Firkowska et al [14] explained the anomalous CTE with a layer model assuming that the
graphite flakes are compressed in the x,y-plane during the cooling process after the SPS.
When the composite is heated, the expanding metal matrix allows a relaxation of the graphite
flakes in the x,y-plane, which consequently shrink along the z-axis, explaining the low z-CTE
of the composite. The residual strain is assumed to be zero at approximately 400°C for copper
samples and increases for lower temperatures. The negative CTE along the z-axis is
determined by the Poisson ratio of graphite and its temperature dependence [14].
Additionally, the model uses the measured Xx,y-CTE of the composite, the elastic constants
and temperature derivatives for matrix and graphite. The layer model correctly predicted the
measured z-CTE for composites with a copper matrix [14]. Chu et al [15] observed in later
experiments the same phenomenon. They were able to predict the CTEs using Firkowska’s
model [14] as well as Turner’s [23] and Kerner’s [22] model. All calculations assumed a

strong strain of the graphite flakes in the copper matrix.



We now apply the theory to composites with light metal matrices. We assume the residual
strain to be zero at 200°C, since above this temperature the reduction in z-CTE gradually
disappears. Since the light metal matrix has a higher CTE than copper, the residual strain e11
in the x,y-plane at room temperature is on the same order of magnitude as in copper, 11~ 10°
3, As an example, we evaluate the model for AM431 composites. With the x,y-CTE of

20.2 ppm Ktin the composite, a z-CTE of = -33 ppm Kfor the graphite flakes is obtained.
The reduced x,y-CTE of the AM431 in the composite (20.2 ppm K1) increases the z-CTE due
to the Poisson’s effect (Poisson’s ratio of 0.33) to 29.8 ppm K*. A composite of 1:1 AM431
to graphite ratio has a predicted z-CTE of = -3 ppm K, which is near to the measured value
of -4.2 ppm K. As showed in Table 1, the difference between theory and experiment is
higher for other metals, but the model still gives a qualitative description of the reduced z-
CTE.

The mechanical layer model correctly predicts a reduction in z-CTE. However its physical
description is not applicable for composites with metal matrices that are weaker than the sp?
carbon filler. The elasticity modulus of crystalline graphite in the X,y planes exceeds by over
one order of magnitude the elasticity modulus of the metal matrices (> TPa in graphite[26],
117 GPa in copper, 60-80 GPa in aluminum alloys [27, 28] and 40-46 GPa in magnesium
alloys[29]). In a composite with a 1:1 volumetric composition of graphite and metal, a
thermal strain in graphite due to the action of the matrix appears unlikely.

We examined the prediction of the layer model on a microscopic scale by neutron scattering

measurements.
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Fig. 2 Lattice constant in z-direction for free graphite flakes and for graphite flakes embedded in an

aluminum alloy AlI7075 matrix as a function of temperature. The concordance of the data shows the

absence of significant thermal strain and residual strain in the embedded graphite flakes. The dashed
line shows the predicted temperature dependence of the lattice constant of embedded graphite flakes
according to Ref. [14] (-30 ppm K for Al7075 matrix, see Table 1).

In Fig. 2 the lattice constant of free graphite flakes and for flakes embedded in an Al7075
matrix are plotted as a function of temperature. The negative z-CTE of the investigated
composite (-9 ppm K™) was verified before and after neutron scattering. The excellent
agreement between the c-axis lattice constant at low temperatures for free graphite and
graphite embedded in the AL7075 matrix demonstrates the absence of residual strain after the
sintering process. The slope of free-standing graphite and the graphite filler in the composite
are almost identical showing that the expanding matrix has no effect on the size of the
graphite flakes. The model of Ref. [14] predicted a residual strain for the graphite filler on the
order of =~ 10~ at room temperature, i.e. a shift of the lattice constant of 0.3 pm above the
unstrained graphite, and a negative expansion in z-direction, i.e. a negative slope in Fig. 2
(dashed line). For the other matrices, the z-CTE of the graphite flakes from neutron scattering
are summarized in Table 2. We measure for the graphite in all composites z-CTE of

29 + 2 ppm K and for the free standing graphite 27.5 ppm K. The strain in graphite fillers is
minimal and their z-CTE remains large and positive in contrast to the layer model that
predicted negative z-CTE for graphite fillers in the metal (Table 1, Strained graphite z-CTE).
Similarly, these results do not agree with the assumption in Chu’s model that the average CTE
of embedded graphite is -4.6 ppm K1 [15].

Table 2 z-CTE (ppm K1) of free standing graphite and the graphite flakes under strain in different

composites as measured by neutron scattering.

) Al7075, Al7075, AM431*,  AMA431*, Mg- Pure
Matrix Copper .
sample 1 sample 2 samplel sample2 0.9Ca graphite
Gr.z-CTE 27 29 30 31 31 29 29 27.5

Although the mechanical layer model fails on a microscopic level, it obviously captures part
of the underlying mechanism. We suggest that it is correct on a macroscopic scale: the
graphite crystal lattice is not strained microscopically since the elasticity modulus is too high.
However, the thin flakes are macroscopically crumpled in the x,y-plane by the cooling matrix



after sintering. This causes an effective expansion in the z-direction. When the composite is
heated, the expanding matrix stretches the flakes along the x,y-plane, removing the folds and
reducing the z-thickness of the graphite flakes. Due to the layered structure (Fig. 1), the
thickness of the graphite flakes can change with little or no strain in the metal matrix. For a
given shrinkage of the matrix in the x,y-plane, the increase in thickness of a graphite flake
depends on the periodicity of the crumpling, the orientation and the overlap of the graphite
flakes (Fig. 3). High bending stiffness of the flakes and poor adhesion between matrix and
graphite may cause large folds, with a consequently higher thickness increase. A poor
adhesion between graphite layers in contact may additionally cause a disordered superposition
of the layers, with inner porosity and larger thickness increase. Knowledge of these two
parameters is necessary for quantitative predictions of the z-CTE of the composite. Neutron
scattering may be used to measure the temperature dependent orientation of the graphite in the
matrix. Such experiments would be a qualitative proof of the macroscopic model and highly

desirable.
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Fig. 3 The geometry and distribution of the crumpled graphite flakes in the metal matrix. For a given

strain of the matrix in the x,y-plane, both the length of the folds (left) and the superposition of the

layers (right) have a significant influence on the z-CTE of the composite.

As an additional experiment we studied the evolution of the CTE after sintering. The first
dilatometry curves for a composite with Al2024 matrix is shown in Fig. 4. The x,y and z
expansion curves were acquired directly after SPS without thermal treatments or other
thermal cycles. Similar pictures are observed for the other composites. Samples with low z-
CTE show a strong hysteresis in the z-axis dilatometry. Briche et al[30] suggest that the
hysteresis is a consequence of reversible damages caused by the CTE mismatch in the
composite. Moreover, for all samples measured directly after sintering, i.e. before a thermal
treatment, we observe a net expansion in z-direction during the first heating and cooling

cycles that asymptotically reaches a maximum after tens of cycles. During the first heating
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phase, the z-CTE is always higher than after 2-3 cycles or after a thermal treatment at higher
temperature, where a stable behavior is achieved. Apparently, empty space is created around
the graphite flakes, which is supported by a 5-10% reduction in the thermal conductivity of

the composite after a thermal treatment[11].

A second aspect is that the material shrinks in z-direction only up to a maximal temperature.
For dilatometry measurements to higher temperatures, we observed a minimum in the relative
length change at 150-220°C, depending on the material and on the maximal temperature of
the cycle. In particular, the composite with Al2024 matrix showed in Fig. 4 reached in cycles
between 50°C and 350°C the minimal z-expansion at 210°C and had a positive z-CTE of

15 ppm Kt at 350°C. Above 220°C all measured materials had a positive z-CTE. This
observation supports the proposed theory of crumpling graphite flakes. At a particular
temperature the expanding matrix completely unfolds the graphite flakes, which reach its
minimal thickness. Above this temperature the composite behaves like a staple of graphite

and metal, i.e. with positive z-CTE.

2000

1500

1000

500

Relative length change / ppm

— » CTE~0ppm/K

1 1 L L
40 60 80 100 120 140

Temperature / °C

Fig. 4 Dilatometry curves of an AL2024 composite in the x,y-plane (red) and in z-direction (black).
The progressive expansion and hysteresis in z-direction is evident. During the first heating curve, the

z-CTE is higher and stabilizes after few cycles to a negative value.
4. Conclusions

In conclusion we discussed the anomalous CTE observed in metal-matrix graphite
composites. In such composites a vanishing or even negative CTE along the z axis is
observed, when the graphite crystals are aligned within the composite. We examine the

microscopic model recently suggested in Ref. [14] and find that is qualitatively predicts the
10



changes in z-CTE. However, neutron scattering experiments find neither strain in the graphite
fillers nor a strongly negative thermal expansion along the graphite ¢ axis. We propose a more
macroscopic view on the behavior of graphite within the metal. During cool-down after the
sintering the graphite crystals were folded and crumbled (macroscopic strain). With the
increase in temperature the crystallites are stretched out to their original shape, reducing their
overall thickness and the length of the composite along z. Our reasoning is supported by the
strong hysteresis observed in the first thermal cycles of the as-prepared composites.
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