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(Abstract) 

Metal matrix composites have two important interfacial problems between the matrix and 

the reinforcement which can reduce its desirable mechanical properties. Chemical 

differences between the matrix and the reinforcement can lead to reactions and 

deterioration of the reinforcement. Secondly, structural differences between the matrix 

and the reinforcement lead to bonding conditions which are far from ideal. By using a 

reinforcement which has a similar chemistry and local atomic structure to that of the 

matrix, these critical problems can be reduced. A crystalline matrix reinforced with an 

amorphous form of the matrix is a possible solution to the problem. Composites of 

amorphous Fe-W alloy particles reinforcing an Fe matrix were produced using mechanical 

alloying. Bulk samples were produced and their properties were studied. After analyzing 

the results, the amorphous alloys were determined to be effective strengtheners. 

However, porosity in the composites led to a reduction of the strengthening imparted by 

the reinforcement.
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1. Introduction 

Composite materials are, by definition, substances made up of separate parts or 

elements which utilize some properties of each part. | Composite materials have often 

been looked at as a solution to many of materials engineering's problems. They can 

incorporate the good qualities of different materials and attempt to reduce the negative 

attributes of these materials. In metal matrix composites (MMC's), high strength ceramic 

fibers or particles reinforce a ductile metal matrix. The fibers impart increased strength to 

the composite and the matrix acts to hold the fibers together and provide some measure of 

ductility. This arrangement gives a good combination of mechanical properties, however, 

there are problems with this close mixing of radically different materials. MMC'’s require a 

strong interface between the fiber and the matrix in order to achieve maximum strength. 

Often there are difficulties in getting a metal and a ceramic to bond to each other [1]. If 

bonding problems can be overcome, thermal cycling of the MMC's can lead to destruction 

of that bonding, if the constituents have different thermal coefficients of expansion. Also, 

reactions can take place between the reinforcement and the matrix leading to deterioration 

of the reinforcement and or embrittlement of the interface [2]. A possible solution to 

these problems could be a crystalline alloy reinforced by the amorphous phase of the same 

alloy. In other words, a metal matrix reinforced by an amorphous phase of the matrix. 

Production of an amorphous phase can be achieved in a variety of ways such as by 

rapid solidification, annealing of thin elemental multi-layers, irradiation and mechanical 

alloying [3]. Mechanical alloying (MA) is a powder processing technique utilizing high 

energy collisions of grinding media to initiate structural changes and or chemical solid 

State reactions. The repeated mechanical impacts produce intimate mixing or alloying of 

the powders; thus the name, mechanical alloying. Although any amorphization technique 
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could be utilized to produce a suitable reinforcement, mechanical alloying was chosen for 

the present study. Mechanical alloying has advantages over other techniques in that it can 

induce amorphization over a wide compositional range and it can produce uniform fine 

particles. Through the use of MA, many crystalline alloys have been transformed into 

amorphous metallic alloys with improved properties [3]. Amorphous metals are known to 

have higher strengths than their crystalline counterparts [4]. By using a two step 

mechanical alloying process, an amorphous phase strengthened MMC can be produced. 

First, an amorphous alloy reinforcement can be made by MA. Then the amorphous 

reinforcement can be dispersed into a crystalline matrix using MA, forming a powder 

MMC. 

The main objectives of the research are to study whether an amorphous phase 

bonds well with a crystalline phase of similar composition, whether amorphous particles 

strengthen a crystalline matrix, and whether such a composite is thermally stable. Also, 

the influence of various powder metallurgy fabrication techniques on the properties of 

MMC's is explored. The objectives were accomplished by studying the microstructure, 

thermal properties, porosity and mechanical properties of the composites. 

For this initial study, an alloy of iron and tungsten was chosen for production of an 

amorphous phase strengthened MMC. There are three main reasons for choosing this 

system. The mechanical alloying of this system is known to produce an amorphous iron 

phase [5,6,7]. The crystallization of the amorphous phase occurs at a high temperature 

when compared to other amorphous alloys [8]. Lastly, contamination of the alloy by iron 

based milling media will not pose a major problem. 
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2. Historical Background 

2.1. Metal Matrix Composites 

Composite materials have a long and varied history. Nature provides us with many 

examples of composites. Wood can be considered a composite of cellulose fibers 

reinforcing a lignin matrix. Probably the first man-made composites were building bricks 

made of mud and straw [1]. The first metal matrix composites date back to the beginnings 

of metallurgy. Copper awls which are approximately 9000 years old were produced by a 

repeated forging, hammering and welding process which resulted in a layered structure of 

copper reinforced by oxide inclusions [2]. On a basic level, many materials can be 

considered composites. Pearlite in iron-carbon alloys has a lamellar structure of cementite 

and ferrite which could be considered a composite on a microscopic level. Dual-phase 

steels are a class of high-strength low-alloy steels which contain a hard martensite phase 

reinforcing a ductile iron matrix [9]. 

The beginnings of modern MMC's can be traced to the 1950's and 1960's when 

extensive research was conducted on dispersion strengthened alloys. In these alloys, small 

precipitates or non-metallic inclusions (< 1 tm) inhibit dislocation motion and lead to 

strengthening of the alloy. As particle size increases (1 [um < p.s. < 10 wm) dislocation 

interactions decrease and strengthening can occur by grain size refinement. The particles 

can act to pin grain boundaries resulting in a small average grain size. These materials, 

like iron-carbon alloys and dual-phase alloys, can be classified as matrix strengthening 

composites but in general are not considered in composite strengthening models [2]. 
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Figure 1. Schematic showing the effect of particle size on strengthening. 
In the top figure, matrix strengthening is dominant. In the lower figure, as 
particle aspect ratios increase, load transfer begins to dominate as the 
strengthening mechanism [2]. : 

These strengthening mechanisms are illustrated in Figure 1. As the reinforcement aspect 

ratio (the reinforcement length divided by the diameter), increases above that of spherical 
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particles, a significant amount of load transfer from the matrix to the reinforcement can 

occur. It is this load transfer concept which generally separates composite materials from 

dispersion strengthened alloys. 

In the 1960's, interest in fiber reinforced metal matrix composites grew. Research 

efforts from this period resulted in the development of boron fiber reinforced aluminum 

and directionally solidified eutectic in situ composites among others. In the 1970's and 

1980's, fiber composite research shifted towards higher temperature materials. As a 

result, a variety of titanium and nickel alloy matrix materials were produced [2]. 

Most recently, a resurgence in particulate and whisker reinforced MMC's has 

occurred. This can be explained in part by the shortcomings of fiber reinforced MMC's. 

Mainly, particulate composites are cheaper to produce, they are compatible with existing 

metallurgy equipment and they are easier to join together. Examples of these 

developments include aluminum reinforced with SiC and Alumina whiskers [2]. 

The developments in composite materials have occurred very rapidly with the 

majority of the work being done only in the last 30 years. By combining technologies 

from all areas of materials science, composites should continue to enjoy the same kind of 

future growth. 

2.2. Mechanical Alloying 

Mechanical Alloying (MA) is a room temperature powder processing technique 

utilizing high energy collisions of grinding media to initiate structural changes and or 

chemical solid state reactions. The repeated mechanical impacts produce intimate mixing 

or alloying of the powders. It is applied anywhere from the laboratory scale of a few 

grams of powder to commercial processes where one ton powder charges can be 

processed. MA has been applied in the processing of metals [10,11], intermetallics [13], 
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ceramics [14] and polymers [15]. It is a novel powder processing technique applicable to 

almost any material. Since it is a solid state room temperature process, it allows many 

processes and reactions to occur that are difficult to achieve through conventional 

processing and synthesis techniques. An example is production of alloys which are 

immisible in the solid phase. Iron and copper undergo massive segregation when cooled 

from a melt. When the two constituents are combined by mechanical alloying, a 

homogeneous distribution can be produced [12]. High differences in melting temperatures 

between two elements is another instance when MA is useful. For example, MA has been 

used to synthesize Nb,Sn a superconducting intermetallic which is difficult to produce by 

melt processes because of differences in melting temperatures of the starting elements 

[16]. MA, once again, can produce the desired homogeneity. MA also has the ability to 

cause amorphization. After forming an alloy of two different elements, repeated 

mechanical alloying, in some systems, can lead to disorder and amorphization [3]. 

Mechanical Alloying was developed by Benjamin [10, 11] as a process by which to 

produce oxide dispersion strengthened (ODS) alloys. During MA, the fracturing and 

welding of ductile materials and the fracturing of brittle surface oxides create a fine and 

uniform distribution of oxide particles, which provide the strengthening in these alloys. 

By using a technique similar to that used to produce ODS alloys, an amorphous 

particulate can be uniformly incorporated into a metal matrix. Dispersion of particulates, 

as discussed earlier, is only one of mechanical alloying's applications. Commercially, a 

range of nickel-, iron-, and aluminum based alloys are produced for applications in turbine 

blades, gas turbine vanes and high temperature corrosion resistant plates [17]. Many other 

applications are in their developmental stages. Some examples include the processing of 

permanent magnets [18], high temperature plasma sprayed coating powders [19], 

immisible alloys as mentioned above and amorphous alloys [3]. 

Mechanical alloying has several indispensable assets. As well as producing 

homogeneous alloys from elemental starting components, MA leads to a very uniform 

particle size of the product. MA is a high energy process so reactions can be accelerated 

if processing variables are optimized. As already mentioned, MA can produce metastable 
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amorphous alloys which cannnot otherwise be formed. Since MA is a room temperature 

process, it has the advantage of being utilized to further process amorphous or other 

metastable alloys avoiding any changes in the alloys which may otherwise occur at high 

temperature processing. 

Several simultaneous actions take place during the mechanical alloying process 

which lead to a homogeneous alloy. As powder particles become trapped between the 

milling media, the high energy impact can weld the particles together. Also, dislocation 

strain hardening occurs in the particles which leads to their eventual fracture. The 

combination of welding and fracture leads to a kneading action which produces MA's 

homogeneous. structures. The evolution of a homogeneous structure for an oxide 

dispersion strengthened alloy can be seen in Figure 2. Figure 2a. shows the early stages of 

MA where two elemental metallic powders and an oxide are being milled together. The 

metal particles are flattened and welded together forming a lamellar structure with large 

oxide dispersoids trapped between the layers. Figure 2b. shows an intermediate stage 

where the width of the layers within the lamellar structure of the powders is decreased due 

to repeated fracture and welding. Also, the large oxide dipersoids are fractured and 

distributed uniformly throughout the material. Figure 2c. shows the final stages of the 

process where the individual components are intimately mixed and a homogeneous 

structure is produced. When only two ductile metals are milled, such as iron and tungsten, 

a similar process of fracture and welding occurs except for the absence of dispersoids. 

The eventual product is a homogeneous binary alloy. 

Another advantage of MA is the uniform particle size distribution which it 

produces. As the MA process proceeds, an equilibrium occurs between the fracture and 

welding of the particles. The equilibrium leads to particle size stabilization of the product. 

This is illustrated for ODS alloys in Figure 3. It is the attributes of uniform particle size, 

for composite reinforcements, and homogeneous mixing for uniform distribution of 

reinforcements which make MA most attractive for producing amorphous phase 

strengthened MMC's. 
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Figure 2. Illustration of the evolution of a uniform distribution of alloymg elements during the 
mechanical alloying process. Figure 2a. shows the early stages of milling where welding and fracture 
produce a lamellar structure. Figure 2b. shows an intermediate stage where the lamellar structure is 
refined by the MA process. Figure 2c. shows the final stages of mixing where a homogeneous mixture is 

produced [23]. 
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Figure 3. Schematic of particle size stabilization based on particle welding 
and fracture [12]. 

2.3. Amorphization of Metals 

2.3.1. Rapid Solidification 

The term "amorphous” can be defined as the absence of structural periodicity. It is 

usually associated with cooling a liquid quickly enough that atoms or molecules are unable 

to arrange themselves in a regular array. The first discovery of an amorphous metallic 

alloy produced by quenching directly from a melt came in 1960 by Duwez et al [20]. By 

propelling a liquid metal droplet onto a cooled metal surface, they could achieve cooling 

rates of 106°C/min. resulting in thin foils of amorphous metal. A massive research effort 

occurred in the years which followed the discovery. As a result, a variety of other 

amorphous alloys were produced. The original alloys studied were Ni, Fe, and Co based, 
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and in almost all cases, they were found to have excellent properties including extremely 

high hardness and high strength and excellent magnetic properties [21] (See Table 1). 

Table 1. Yield strength, Young's modulus, hardness and ratio of yield 

strength to Young's modulus [4]. 
  

  

    

Fracture Young's 
Hardness strength modulus 

Alloy composition H,/DPN Or/kgmm-? E/kg mm~? Op /E H/o, 

FegoP20 700 _ — _ _ 

FeaoBro 1080 350 17. x 10? 0.020 3.1 

FegoZF io 640 220 _ —_ 29 
FegoP,3C, 760 310—; 12.4 x 10° 0.025 25 
F 5B, 9Si,; 910 340 12. x 10° 0.028 27 
FegsMo3oCis 970 390 _ —_ 29 
Fe,,Cr, ,Mo,gC,, 900 - 330 — — 27 

FeggCr,gMoz Ci, 1130 400 _ —_ 2.8 

CogoZr io 600 190 _ — 3.2 
Co7,Si, 5B, 910 306 9 x10 0.034 3.0 
Co,,Cr,,C;, 890 330 _ —_ 2.7 
C044M046C 3 1190 390 ~ — 3.1 
C034CrzgMor—C ig 1400 410 — — 3.4 

NigoZr io $50 - 180 — _— 3.1 

Ni+gSi, oB,, 860 250 8 x 10° 0.034 3.4 
Ni;4Cr,4Mo,,C;5 1060 350 — _ 3.0 

PdgoSizo 325 136 68 x 10° 0.020 2.4 
CugoZrag 410 190 _ — 27 
Nbs Nis, 893 — 13.2 x 10? — _ 
TisopCusy 610 — 10.0 x 10° _ — 
        

Current applications take advantage of the magnetic properties [4]. Rapidly solidified 

alloys have some limitations, however. They are generally limited to narrow alloy 

compositions surrounding deep eutectics. Also, applications trying to take advantage of 

the mechanical properties are limited by the inability to produce a bulk sample with 

comparable properties. This limitation, however, is less important when these materials 

are considered for use in composites. "Many (amorphous) alloys exhibit high strength and 
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good ductility (when compared with ceramic reinforcements) which make them suitable as 

reinforcing agents", quotes D. S. Boudreaux [22]. 

2.3.2. Solid State Amorphization 

The discovery that amorphous alloys could be produced in the solid state brought 

renewed interest in these materials. Yeh et. al. were able to induce vitrification by 

exposing Zr,7;Rh),., to hydrogen gas to form amorphous (Z1p7;Rh,.;)H,, [24]. 

Following this work, numerous other techniques were discovered to produce amorphous 

alloys in the solid state. An amorphous alloy formed from two polycrystalline metals was 

first achieved by Schwarz and Johnson by annealing thin alternating layers of gold and 

lanthanum [25]. Cheng et. al. were able to induce amorphization in Ru-Ti alloys by 

irradiation [26]. Amorphization has also been achieved by mechanical deformation. 

Codeformation of elemental sheets followed by annealing has resulted in amorphous 

alloys[3]. Mechanical alloying of elemental powders is another example[3]. 

2.3.3. | Amorphization by Mechanical Alloying 

It was first reported by Koch et al that an amorphous powder could be produced from 

elemental powders of Ni and Nb using the MA process[27]. Since this discovery, a 

variety of amorphous alloys have been produced. It was originally speculated that there 

were two main criteria for forming an amorphous alloy by MA which were similar to 

forming an alloy by annealing thin films of the different elements[28]. First, the system 

must have one element which will diffuse rapidly in the other. This is usually observed 

when one atom is relatively large when compared with the other. Secondly, the binary 

alloy system has a large negative heat of mixing. The criteria have been useful in 

predicting the amorphization in several different early and late transition element systems 
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having equiatomic concentrations. These include: Ni-Zr[29,30,31], Cu-Z1[29,30,31], Ni- 

Ti[32] and CuHf[33]. In contradiction to these criteria, MA has produced amorphous 

alloys with very small negative heat of mixings such as Fe-Ti[34] and Ni-W[35] as well as 

alloys with a zero heat of mixing (Fe-W)[5,6,7]. The inconsistencies are linked to the 

incomplete understanding of the mechanical alloying process. 

2.4. Amorphous Reinforced Metal Matrix Composites 

Very little work has been done in the fabrication of any type of composite using 

amorphous metals as a reinforcement. The earliest work in the field included the 

incorporation of amorphous metallic reinforcements into organic matrices [36]. The first 

work on metal matrices reinforced with amorphous metals was reported in 1980 by 

Takayama and Fehrman [37]. They produced composite metallic glass wires composed of 

aluminum and copper wires wrapped by a layer of Fe7gMo2B79 metallic glass. There 

was a significant increase in the strength of the wires as a result of the incorporation of the 

amorphous metal. There were problems with achieving a good bonding between the two 

constituents, as can be seen in Figure 4. The figure shows the fracture surface of one of 

the wires and the amount of fiber pull-out reflects the poor interfacial bonding. Cytron 

reported the fabrication of the first bulk amorphous metallic reinforced composite in 1982 

[38]. In his study, Cytron vacuum hot pressed NiggNb4g metallic glass ribbon 

reinforcements with a superplastic aluminum alloy matrix. He demonstrated that good 

bonding between the matrix and the reinforcement could be achieved using this technique 

and that it could be applied to a wide variety of material systems. 
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Figure 4. SEM micrographs of the fracture profile of a copper - 
Fe;,Mo,B,, composite metallic glass wire showing poor interfacial 
adhesion[37]. 

  

  

      

Figure 5. Fracture surface after tensile test of a Fe,,Ni,.B,,/Ni composite 
after a heat treatment to improve the interface[40]. 
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More recently, Ruutopold et al reported on the role of interfaces in amorphous 

metallic reinforced composites [39]. They investigated interfaces in both polymeric and 

metallic matrices. The polymer matrix composite consisted of rapidly solidified 

Fe4oNi49B209 metallic glass ribbons in a polypropylene matrix. The metal matrix 

composite consisted of rapidly solidified Ni75Al23B ,Zr, metallic glass ribbons in an 

aluminum matrix. In both composites, interfacial strength was good resulting in good 

composite properties. Blank-Bewersdorff et al also investigated interfacial strength in 

- metal matrix / metallic glass composites in 1989 [40]. By using a short heat treatment, 

they were able to greatly improve the interfacial strength in amorphous Feq72Ni47B16 

reinforced Ni matrix composite. Effectively, the heat treatment caused a small amount of 

crystallization to occur at the interface and improve adhesion between the matrix and the 

reinforcement. Figure 5 shows the smooth void free interface with very little ribbon pull 

out which would indicate a good interface. 

2.5. Fe - W Alloys 

The Fe - W alloy system has been examined only recently by the MA community. 

In 1992, T. D. Shen et. al. found that amorphous phase transitions in the Fe -W system 

could be achieved using mechanical alloying[5,6,7]. Later that same year, Samwer and 

Herr reported, in more detail, on the amorphization in Fe - W system[8]. Both reported a 

crystallization of the amorphous phase at around 800°C. Based on the high crystallization 

temperature and its ability to amorphize, the Fe - W system was selected as the candidate 

to be used for an amorphous phase strengthened MMC. 
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3. Experimental Procedure 

3.1. Production of the Reinforcement Particles 

The first step in the production of the reinforcement was to determine the ideal 

composition of the Fe-W alloy to work with. It was desired to produce a reinforcement 

which was 100 % amorphous. Amorphization of the powder was accomplished using 

mechanical alloying. Ten gram powder samples having compositions of 25, 30, 33, 35 and 

40 atomic percent tungsten were placed in a SPEX 8007 stainless steel vial. Stainless 

steel balls of 11.1mm diameter were added to provide a 6:1 charge ratio (mass of balls to 

mass of powder). The vials were sealed in an argon filled atmosphere using a glove box to 

prevent oxidation. The vials were run in a SPEX Mixer/Mill 8000 for durations of 5, 10, 

20, 30 and 50 hours. X-ray analysis of the samples was accomplished using a Scintag X- 

ray Diffraction system. X-ray scans were run from 30° to 90° 26 using Cu Ko radiation. 

Comparisons of the various patterns were made and based on these comparisons, 40 

atomic percent tungsten milled for a duration of 30 hours was selected as the 

reinforcement composition. Calculation of the average crystallite size was done on the 

(110) peaks of iron and tungsten from the x-ray diffraction patterns using the Scherrer 

formula. Mossbatier Spectroscopy, performed at Morgan State University by Dr. 

Frederick Oliver, was done on the reinforcement particles as a determination of 

amorphization. Multiple batches of the reinforcement particles were milled until a 

sufficient amount of the amorphous reinforcement was produced to enable large 

composite samples to be made. 
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3.2. Production of the Composite Powder 

Composites of 5, 15, 25, 35, 50 and 75 weight percent amorphous reinforcement 

and a pure iron matrix were chosen for this initial study. The corresponding calculated 

and measured volume percentages are 2.6, 8.2, 14.5, 21.5, 33.7 and 60.4 percent. A 

Svegvari Attritor was used to mix the reinforcing and matrix powders. In order to 

determine the optimum attritting time, a range of times was used. These included 0.25, 

0.5, 1, 2, 5, 10 and 20 hours of milling. The agitator speed was set at 300 rpm. The 

mixing drum was filled with a blanket of argon and chilled with a water jacket. Samples 

were taken for X-ray analysis to determine where milling became optimum. Since no 

major changes were seen after 2 hours of attritting, this time was selected for sample 

production. 

3.3. Thermal Analysis of Composite Powders 

Differential Thermal Analysis (DTA) was done on samples with compositions of 0, 

14.5, 33.7, 60.4 and 100 volume percent reinforcement. A Perkin-Elmer System 7 DTA 

was heated from 250° C to 1000° C at 20° C/min. Observed peaks were analyzed and 

noted. In order to prevent oxidation, an argon purge was used to flush the DTA tube at 

40 ml/min. 

3.4. Densification of the Composite Powders 

Three different techniques were attempted to achieve a high density composite 

sample. The first technique incorporated cold pressing in a 25.4 mm die at 620 MPa using 
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a Tinius Olsen press. The samples were heated to 650°C for 2 hours in a He-10%H, 

atmosphere to allow for annealing of the iron matrix. The samples were then returned to 

the die and cold pressed again. The process of pressing and recovering was performed for 

a total of three cycles. 

The second densification technique also involved cold pressing the composite 

powders in a one inch die. The powders were pressed at 552 MPa using a Tinius Olsen 

press. The samples were annealed at 550° C for 24 hours in a He-10%H, atmosphere. 

The samples were then cold rolled to a 50% reduction in thickness in a Stanat two-high 

rolling mill in order to increase density. The process of recovery and rolling was repeated 

until the samples were approximately 0.5 mm thick. The total annealing time was 72 

hours at 550°C. 

A third densification method involved the use of a hot isostatic press (HIP) to 

achieve higher densities than the cold pressing. A ten gram sample of the 14.5 volume 

percent composite powder was cold pressed in a 12.7 mm die at 438 MPa using a Carver 

hydraulic press. The compact was vacuum encapsulated in a copper tube. The copper 

tube was heated to 200° C while it was being evacuated in order to help remove any 

adsorbed gases in the compact. The tube was sealed and placed in the HIP and heated to 

700°C for 3 hours under 197 MPa isostatic pressure of argon. 

3.5. Analysis of Compacted Samples 

The resulting composites were analyzed by using X-ray diffraction, optical 

microscopy, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), Energy Dispersive X-ray Analysis (EDX), Rockwell hardness testing, Vickers 

Microhardness testing and mechanical compression testing. 
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For analysis by optical microscopy and SEM, one sample preparation technique 

was sufficient. A composite compact was mounted in a conductive thermosetting 

polymer. The sample was ground and polished with alumina powder. It was then etched 

with Marshall's Reagent (1 part of a solution of 8 g oxalic acid, 5 ml H,SO,, and 100 ml 

H,O plus 1 part of 30% H,O,) and then 2% nital (2 ml HNO, and 100 ml H,O). Optical 

microscopy was done using a LECO Neophot 21 microscope. For higher magnifications, 

an Electroscan Environmental Scanning Electron Microscope (ESEM) was used. The 

higher magnifications led to the discovery of sub-particles within the reinforcing particles. 

Reinforcement particle size measurements were done using a video analysis system 

connected to the ESEM. Grain size measurements were done using the linear intercept 

method on photomicrographs of the composite samples. 

Semi-quantitative chemical analysis was performed on the composite samples 

using a CamScan Scanning Electron Microscope with a Tracor Energy Dispersive X-ray 

(EDX) analysis system. This included analysis of the reinforcement sub-particles. The 

analysis was performed at 15kV and a tilt angle of 39.4°. The spatial resolution of the 

electron beam was approximated to be 0.47 to 0.80um depending on the emitted x-ray 

energy. 

Densities of the composites were measured in a variety of ways. The pressed and 

annealed sample densities were estimated by measuring their mass and volume. All 

composite sample densities were also measured using the Archimedean method according 

to ASTM standard C 373-88. The method involves weighing the samples dry, weighing 

the samples while suspended in water and weighing the samples after a soaking in water. 

All mass measurements were performed using a Sartorius hanging balance. Density of the 

pressed and annealed samples was also approximated from the porosity values obtained 

using the video analysis system. 
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In an attempt to study the interface between the amorphous particles and the iron 

matrix, transmission electron microscopy was utilized. Starting with the cold pressed and 

rolled composite samples, a thin strip of metal was thinned by grinding until it was less 

than 100 [1m in thickness. 3mm disks were then punched from this strip. The best thin 

foils were produced by jet polishing the disks with a solution of 500ml acetic acid and 

200g potassium chromate at 100V and 10mA for a total of 20 minutes. Foils were studied 

and photographed using a Philips EM420 Scanning Transmission Electron Microscope at 

120 kV. 

Rockwell hardness was measured for all of the cold pressed and recovered 

composite samples using a 1.6mm stainless steel indenter on the B scale. Vickers hardness 

was measured using a 100 g load and a diamond Vickers indenter. 

For mechanical testing, the cold pressed and recovered samples were cut into 

rectangular bars with dimensions of 3.2 x 3.2 x 6.4 mm. The specimens were tested in 

compression using an Instron 4206 test frame with a 150 KN load cell. A strain rate of 

10“ /sec was used to maximize dislocation/particle interactions. 

As a prelude to future work, 14.5 volume percent reinforcement samples were 

pressed at 552 MPa in a Tinius Olsen press and annealed at high temperatures such that 

the amorphous iron crystallized and formed various intermetallic phases. The samples 

were annealed at 1000°C, 1125°C and 1250°C. Analysis of these samples was limited to 

optical microstructural observations. 
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4. Results 

4.1. Selection of the Reinforcement Composition 

Several different compositions in the Fe-W system were mechanically alloyed and 

studied by x-ray diffraction. The 30 hour milling time x-ray patterns are shown for 

comparison in Figure 6. It is easily seen that as the iron concentration drops, the intensity 

of the iron peaks also drop. The explanation for the changes will be discussed in section 

3.1. 
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Figure 6. X-ray diffraction results for 30 hours of milling time at various 
Fe-W compositions. Compositions are in atomic percent. 
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4.2. Analysis of Particulate Reinforcements 

4.2.1. Analysis of Amorphization by X-ray Diffraction 

After seiection of the 40 at.% W sample for further analysis, a detailed x-ray 

survey of the effect of milling time was conducted. As milling time increases, a 

broadening and reduction in the intensity of the peaks was observed. The effect is 

commonly associated with a reduction in the average grain size of the diffracted particles. 

Eventually, particle sizes decreased to the point where amorphization was possible. 

Diffraction from amorphous particles results in a single broad peak. By studying the x-ray 

patterns in Figure 7, itis observed that the development of a single broad amorphous peak 

occurs for iron but not for tungsten. 
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Figure 7. X-ray diffraction patterns for Fe-40at.% W at various milling 
times. 

RESULTS 21 

 



4.2.2. Calculation of Average Crystallite Size 

As a further indication that amorphous iron was produced by mechanical alloying, 

a measure of the average crystallite size was done. The calculation was done using the 

Scherrer formula which has the relation, 

0.90 
t= 1 

Bcos®B () 
  

where ¢ is the particle size, X is the x-ray wavelength, B is the full width at half maximum 

of a diffraction peak and 9, is the peak diffraction angle in radians. In Figure 8, crystallite 

calculations are shown for the Fe(110) and W(110) diffraction peaks. In many cases, [35, 

45], amorphization is favored when the crystallite size drops below 70A. In this case, the 

iron crystallite size is reduced to an asymptotic value of 20A and the tungsten is reduced 

to a value slightly greater than 70A. 

  

  

    

250 

225 O wd 4+ 

__ 200 A Fe(1l0) 4 
- ; 
& 3 B 175 

a J 
g 150 4 

Q 125 4 
” J 
S 100 4 

o 75 3 

ge 1 
oO 1 

50 3 

25 4 

0 t T t T T i 

0 10 20 30 40 50 60 

Milling Time (hours)     
  

Figure 8. Average crystallite size as a function of milling time calculated 
from the Fe and W (110) peaks. 
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4.2.3. | Mossbaiier Spectroscopy 

Another technique for evaluating degree of amorphization is Mossbaiier 

spectroscopy. Spectrums of the 30 hour milled Fe-40at.%W powder and pure Fe are 

shown in Figures 9a and 9b, respectively. A detailed explanation is given in section 5.2.3.. 
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Figure 9a. Mossbaiier spectrum for the Fe-40at.% W reinforcement after 
30 hours of milling. 

  

  

P
e
r
c
e
n
t
 

A
b
s
o
r
p
t
i
o
n
 

  

    __JI 1 I 1 _I __t i 

-3 -2 4 0 4 2 3 
  

Velocity in am/sec relative to iron   
  

Figure 9b. Mossbatier spectrum for a pure iron sample. 
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4.2.4. Particle Size Analysis 

The reinforcement particle size was measured in two different ways. Video 

analysis of images from the Environmental Scanning Electron Microscope gave the first 

value. A particle size analyzer using laser light scattering of a liquid dispersion gave the 

second value. Both values are reported in Table 2. 

Table 2. Particle sizes of the Fe-W reinforcement 

  

  

  

      

Reinforcement 

Particle Size (um) 

Video Analysis 14.85+4.69 

Particle Size 16.17+5.01 
Analyzer 
  

4.2.5. Chemical Analysis of the Reinforcement 

Semi-quantitative chemical analysis of the reinforcement particles was done using 

Energy Dispersive X-ray (EDX) analysis. The resulting values for the particles and the 

tungsten rich sub-micron particles are shown in Table 3. 

Table 3. EDX Semi-quantitative analysis of the reinforcement constituents. 

  

  

  

Reinforcement Reinforcement Sub- 

Particle particle 

Atomic % 38.55+1.49 46.8242.75 
Tungsten         

4.3. Thermal Stability of the Amorphous Reinforcement Particles 

4.3.1. Differential Thermal Analysis 

Differential thermal analysis (DTA) results for the reinforcement alloy are shown in 

Figure 10. DTA was also done on the composite powders to study the effect of the pure 
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iron matrix on the crystallization of the amorphous iron solid solution. Peak locations 

were calculated for both samples. Two peaks were found for both samples: a low 

temperature peak and a high temperature peak. The low temperature peak for the 

reinforcement sample occurs at approximately 625°C. Other researchers [6,8] indicate 

that the low temperature peak shows where dissolution of iron from super-saturated 

crystalline tungsten occurs. The values for the high temperature peaks were calculated to 

be 877°C and 830.9°C for the reinforcement and for the composite, respectively The high 

temperature peak indicates the crystallization of the amorphous iron solid solution. 

Comparing the two high temperature peaks, it can be seen that a slight reduction in the 

crystallization temperature occurs in the composite. 

  

  

D
E
G
R
E
E
S
 

        
0.00 rs sito in ee woe vow eno oe cco oo     TEMPERATURE <O) 
  

Figure 10 Differential thermal analysis of the Fe-40wt.%W reinforcement 
powder. 
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4.3.2. X-ray Diffraction 

X-ray analysis of the powders from DTA confirmed the transformations occurring 

upon heating. X-ray patterns for powders heated to 700°C and 1000°C are shown in 

Figure 11. The pattern for the 700°C run shows an increase in intensity of iron peaks. 

The 1000°C run shows what remains from the amorphous iron solid solution which 

crystallized into intermetallic compounds. 
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Figure 11. X-ray diffraction patterns for the Fe-W reinforcement after 

heating to 700°C and 1000°C. 
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4.4. Analysis of Composite Materials 

4.4.1. Metallography 

Photomicrographs of all composite materials are shown in Figures 12 through 32. 

Figures 12 through 16 show the pressed and annealed composites unetched using the 

Environmental Scanning Electron Microscope (ESEM). The reinforcement particles 

appear lighter because of effects from the backscatter detector. The particles contain 

tungsten so they will have a higher average atomic number than the matrix and appear 

brighter. Figures 17 and 18 show enlargements of the reinforcement detailing the tungsten 

rich sub-particles. Figures 19 through 21 show optical micrographs of the rolled and 

annealed composite samples after etching. Figure 22 shows an optical micrograph of the 

HIPped sample after etching. Figures 23 through 28 show optical micrographs of the 

pressed and annealed samples after compression testing. The samples are etched to show 

the grain structure. Figures 29 through 31 show optical micrographs of the high 

temperature annealed samples which were done as a prelude to future work. Figure 32 

shows an optical micrograph of an original iron powder particle which is representative of 

the average structure. The small particles are polycrystalline which has an effect on the 

strength of the composite samples. Figures 33 and 34 show optical micrographs of the 

fracture surface of the of the 21.5 vol.% and 33.7 vol.% reinforcement pressed and 

annealed samples, respectively. Figures 33 and 34 also show the even distribution of 

reinforcement particles caused by mechanical alloying. The 21.5 vol.% and 33.7 vol.% 

reinforcement samples were the only samples to fracture under compression. The Figure 

35 shows the interface between the iron matrix and the particle reinforcement as seen by 

TEM observation. 
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Figure 12. ESEM photomicrograph of the 2.6 vol.% FeW reinforcement 
pressed and annealed composite sample. The sample was pressed to 620 

MPa and annealed for two hours at 650°C. Photograph is shown at 800x. 

The sample is unetched. Light regions represent the reinforcement. 

Darker regions represent the iron matrix. 
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Figure 13. ESEM photomicrograph of the 8.2 vol.% FeW reinforcement 
pressed and annealed composite sample. The sample was pressed to 620 
MPa and annealed for two hours at 650°C. Photograph is shown at 800x. 
The sample is unetched. Light regions represent the reinforcement. 
Darker regions represent the iron matrix. 
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Figure 14. ESEM photomicrograph of the 14.5 vol.% FeW reinforcement 
pressed and annealed composite sample. The sample was pressed to 620 
MPa and annealed for two hours at 650°C. Photograph is shown at 800x. 
The sample is unetched. Light regions represent the reinforcement. 
Darker regions represent the iron matrix. 
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Figure 15. ESEM photomicrograph of the 21.5 vol.% FeW reinforcement 
pressed and annealed composite sample. The sample was pressed to 620 
MPa and annealed for two hours at 650°C. Photograph is shown at 800x. 
The sample is unetched. Light regions represent the reinforcement. 
Darker regions represent the iron matrix. 
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Figure 16. ESEM photomicrograph of the 33.7 vol.% FeW reinforcement 
pressed and annealed composite sample. The sample was pressed to 620 
MPa and annealed for two hours at 650°C. Photograph is shown at 800x. 
The sample is unetched. Light regions represent the reinforcement. 
Darker regions represent the iron matrix. 
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Figure 17. ESEM photomicrograph of the 33.7 vol.% FeW reinforcement 

pressed and annealed composite sample. The sample was pressed to 620 
MPa and annealed for two hours at 650°C. Photograph is shown at 8000x. 
The sample is unetched. The small regions inside the reinforcement are 
tungsten rich particles. 
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Figure 18. ESEM photomicrograph of the 33.7 vol.% FeW reinforcement 
pressed and annealed composite sample. The sample was pressed to 620 
MPa and annealed for two hours at 650°C. Photograph is shown at 

16000x. The sample is unetched. The small regions inside the 
reinforcement are tungsten rich particles. 
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Figure 19. Optical micrograph of the 2.6 vol.% reinforcement rolled and 
annealed composite sample. The sample was rolled to 50% reduction in 

thickness and annealed at 550°C for 24 hours. The photograph is shown at 
800x. The sample is etched. 
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Figure 20. Optical micrograph of the 14.5 vol.% reinforcement rolled and 

annealed composite sample. The sample was rolled to 50% reduction in 
thickness and annealed at 550°C for 24 hours. The photograph is shown at 
800x. The sample is etched. 
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Figure 21. ESEM micrograph of the 33.7 vol.% reinforcement rolled and 
annealed composite sample. The sample was rolled to 50% reduction in 

thickness and annealed at 550°C for 24 hours. The photograph is shown at 
800x. The sample is etched. Light regions indicate the reinforcement 

particles. Darker regions show the iron matrix. 
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Figure 22. Optical micrograph of the 14.5 vol.% reinforcement HIPped 
composite sample. The sample was HIPped at 197 MPa and 700°C for 3 
hours. The photograph is shown at 800x. The sample is lightly etched. 
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Figure 23. Optical micrograph of the 0 vol.% reinforcement pressed and 
annealed composite sample after compression test. The sample was 
pressed to 620 MPa and annealed for two hours at 650°C. Photograph is 
shown at 800x. The sample is etched. 
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Figure 24. Optical micrograph of the 2.6 vol.% reinforcement pressed and 
annealed composite sample after compression test. The sample was 
pressed to 620 MPa and annealed for two hours at 650°C. Photograph is 
shown at 800x. The sample is etched. 
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Figure 25. Optical micrograph of the 8.2 vol.% reinforcement pressed and 
annealed composite sample after compression test. The sample was 
pressed to 620 MPa and annealed for two hours at 650°C. Photograph is 
shown at 800x. The sample is etched. 
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Figure 26. Optical micrograph of the 14.5 vol.% reinforcement pressed 
and annealed composite sample after compression test. The sample was 
pressed to 620 MPa and annealed for two hours at 650°C. Photograph is 
shown at 800x. The sample is etched. 
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Figure 27. Optical micrograph of the 21.5 vol.% reinforcement pressed 

and annealed composite sample after compression test. The sample was 
pressed to 620 MPa and annealed for two hours at 650°C. Photograph is 
shown at 800x. The sample is etched. 
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Figure 28. Optical micrograph of the 33.7 vol.% reinforcement pressed 
and annealed composite sample after compression test. The sample was 
pressed to 620 MPa and annealed for two hours at 650°C. Photograph is 
shown at 800x. The sample is etched. 
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Figure 29. Optical micrograph of the 14.5 vol.% reinforcement pressed 
and annealed at 1000 C composite sample. Photograph is shown at 800x. 
The sample is etched. 
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Figure 30. Optical micrograph of the 14.5 vol.% reinforcement pressed 

and annealed at 1125 C composite sample. Photograph is shown at 800x. 

The sample is etched. 
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Figure 31. Optical micrograph of the 14.5 vol.% reinforcement pressed 
and annealed at 1250 C composite sample. Photograph is shown at 800x. 
The sample is etched. 
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Figure 32. Optical micrograph of the original pure iron powder. The 
photograph is shown at 800x. The sample is etched. 
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Figure 33. Optical micrograph of the surface perpendicular to the plane of 
fracture of the 21.5 vol.% reinforcement pressed and annealed composite 
after compression test. Photograph is shown at 320x. The sample is 
etched. 
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Figure 34. Optical micrograph of the surface perpendicular to the plane of 
fracture of the 33.7 vol.% reinforcement pressed and annealed composite 
after compression test. Photograph is shown at 320x. The sample is 
etched. 
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Figure 35. TEM micrograph of the particle-matrix interface. The 
photograph is shown at 180600x. 

fringes in the iron matrix. 

RESULTS 

The parallel lines indicate thickness 
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4.4.2. Density and Porosity Measurements 

Density calculations were done for all composite materials. For the pressed and 

annealed samples, two different techniques were used. The first was simply weighing the 

samples and measuring their volume. The second technique utilized the principles of 

Archimedes. Both results are shown, compared against the approximated theoretical 

values, in Figure 36. Details of how the theoretical density was calculated are shown in 

the appendix. The actual numerical values are shown in Table 4. 
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Figure 36 Density measurements for the pressed and annealed composite 

samples. 

Density measurements were also done for the pressed and rolled samples and for 

the HIPped sample. The values were measured using the Archimedean method and are 

shown in Table 4. 
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Table 4. Density measurement values for all composites. 

  

  

  

  

  

  

  

  

  

  

              

Sample Archimedean Theoretical Archimedean Weight(W) W and V 

(volume % Density (g/ml) | Density (g/ml) | Percentage of and Percentage of 
reinf.) Theoretical Volume(V) Theoretical 

Density (g/ml) 

0% Press(P) 6.54 7.86 83.2% 7.53 95.8% 
& Anneal(A) 

2.6% P&A 6.86 8.24 83.3% 7.61 92.3% 

8.2% P&A 6..99 9.00 717.7% 7.70 85.5% 

145%P&A 6.79 9.76 69.6% 7.88 80.7% 

215%P&A 7.72 10.52 73.4% 8.03 76.3% 

33.7% P&A 7.56 11.66 64.9% 8.34 71.5% 

2.6% Roll(R) 7.28 8.24 88.3% - - 
& Anneal(A) 

145% R&A 7.35 9.76 75.3% : - 

33.7H% R&A 8.05 11.66 69.0% - - 

14.5% HIPped 7.35 9.76 75.3% - -   
  

Porosity of the pressed and annealed samples was measured using video image 

analysis. The values also give an indication of the sample density. The values are shown 

in Table 5. 

Table 5. Porosity of pressed and annealed samples measured using video 
analysis 

RESULTS 

  

  

  

  

  

  

      

Composite Percent Percent of 

Sample Porosity Theoretical 

(vol. %) Density 

0% 0.9+0.68 99.10% 

2.6% 1.0640.99 98.94% 

8.2% 1.32+0.28 98.68% 

14.5% 2.80+0.90 97.20% 

21.5% 1.7840.75 98.22% 

33.7% 5.56+0.62 94.44%     
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4.4.3. Rockwell Hardness 

Rockwell hardness measurements were done on the pressed and annealed samples. 

The resulting values are shown in Figure 37. 
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Figure 37. Rockwell B hardness values for the pressed and annealed 
composite samples. 

4.4.4, Microhardness Values 

Vickers microhardness measurements were done on the reinforcement and the 

matrix using a 100gf load. The values are shown in Table 6. 

Table 6 Vickers hardness of the matrix and reinforcement 

  

Matrix Reinforcement 

Vickers 135.6+33.1 1444,1+156.4 

Hardness 

  

        
  

RESULTS 54



4.4.5. | Matrix Grain Size 

The matrix grain size was calculated with the linear intercept method. The values 

for all composites, including the high temperature 24 hr. annealed samples, are shown in 

Table 7. 

Table 7. Grain Sizes for all composites and the iron powder precursor. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

Composite Sample Grain Size ({1m) 

(volume %) 

0% Press(P) 14.05+3.88 
&Anneal(A) 

2.6% P& A 19.09+14.68 

8.2% P&A 15.14+5.81 

145% P&A 9.15+1.76 

21.5% P&A 11.07+4.44 

33.7% P&A 13.30+4.79 

2.6% Roll(R) & —:12.7244.51 
Anneal(A) 

145% R&A 11.41+.60 

33.7% R&A 15.47+3.22 

14.5% HIPped 13.3342.86 

Starting Iron 17.30+6.55 
Powder 

14.5%P&A 1000°C 23.3743.00 

14.5%P&A 1125°C 28.23+2.81 

14.5%P&A 1250°C 34.56+4.10 
  

4.4.6. | Compression Tests 

  
Compression tests were run for the pressed and annealed composite samples. The 

results are shown in Figure 38. The elastic modulus and 0.2% offset yield strength values 

taken from Figure 38 for all six samples are shown in Table 8. 
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Table 8. Elastic moduli and 0.2% offset yield strengths for the pressed and 

annealed samples. Values were taken from Figure 38. 

RESULTS 

  

  

  

  

  

  

    

Composite Elastic Modulus 0.2% Offset Yield 

Sample (GPa) Strength (MPa) 

(volume %) 

0% 115.0 310 

2.6% 62.9 270 

8.2% 71.0 305 

14.5% 93.8 320 

21.5% 109.2 290 

33.7% 100.1 290         
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5. Discussion 

5.1 Selection of the Reinforcement Composition 

Several different compositions were selected for study. It has been found that in a 

large number of alloy systems, amorphization by mechanical alloying can only be achieved 

within certain compositional limits[35]. In previous work on the Fe-W system, the limits 

were found to be between 40 at.% and 70 at.% W[8]. For reference see the Fe-W phase 

diagram in Figure 39. Within these compositions, a mixture of amorphous iron and 

crystalline tungsten was produced. Outside the limits, mixtures of crystalline solid 

solutions of Fe and W were produced. In this work, it can be observed from Figure 6 that 

the lower compositional limit is lower than the reported value and lies between 30at.% and 

33at.% W. 

It was desired to work as close to the lower compositional limit as possible. In 

doing so, it was hoped that a completely amorphous reinforcement could be formed. By 

increasing milling time, it was believed that the crystalline tungsten could be forced into 

solution with the amorphous iron. What was discovered, however, was that if work was 

conducted too close to the lower limit, contamination from the stainless steel milling 

equipment increased the iron content. This could cause the overall composition to fall 

outside of the critical limits, converting the amorphous iron to a crystalline structure. By 

choosing 40at.% W as the reinforcement composition, the danger of losing the amorphous 

iron was reduced. By choosing the composition to be so high, however, it became 

impossible to dissolve all of the tungsten in the iron in a reasonable milling time. 
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Figure 39. Phase diagram for Fe-W [41]. 

5.2 Analysis of Particulate Reinforcements 

5.2.1. Analysis of Amorphization by X-ray Diffraction 

Figure 7 shows the evolution of the mixture of amorphous iron and crystalline 

tungsten in the Fe-40at.%W reinforcement powder. As milling time increases, the peaks 

for both the iron and tungsten begin to broaden. Line broadening is associated with two 

mechanisms: particle size reduction and induced strain[42]. Mechanical alloying is known 

to produce both of these in the powder. The iron peaks continue to broaden until all but 
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the (110) iron peak are eliminated. It is the single broad peak which is indicative of 

amorphous iron. 

5.2.2. Crystallite Size 

As a reinforcing argument for the amorphization of the iron phase, the effective 

crystallite size was calculated. The average crystallite size has been used in the mechanical 

alloying field as an indicator for when amorphization will become favorable. Effective 

crystallite size measurements have traditionally been done on semi-crystalline polymers to 

determine the size of the crystalline regions within the polymer[43]. The most common 

measurement is done using the Scherrer formula which incorporates the peak widths from 

a diffraction pattern. Although the formula is an approximation, it gives a good indication 

of the average diffracting grain size. This has been confirmed by direct observation of the 

crystallite size by TEM[44]. 

Effective crystallite sizes for the Fe and W phases are plotted as a function of 

milling time in Figure 8. The asymptotic values for crystalline Fe and W are very 

consistent with other values for amorphous alloys in the literature[35,45]. In work done 

by Jang and Koch[45] on Ni,Al, an average crystallite size of 70A or less was required to 

induce amorphization. The average crystallite size of the crystalline tungsten in this work 

asymptotically approaches a value slightly greater than 70A, while the iron average 

crystallite size drops far below the 70A value. These observations fit in very nicely as 

proof of iron amorphization. 

5.2.3. | Mossbaiier Spectroscopy 

Mossbatier spectroscopy of the reinforcement powder gives further evidence for 

the amorphization of iron. Mossbatier spectroscopy gives information about the local 
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environment of the nucleus of an atom. In magnetic materials, a splitting in the spectrum 

from mossbaiier spectroscopy is observed. This can be seen for pure iron in Figure 9b. In 

amorphous materials, magnetic ordering is lost and the observed splitting disappears. This 

is the case for the reinforcement powder in Figure 9a. The results correspond very well to 

previous work by other researchers[8,46]. 

5.2.4. Particle Size Analysis 

Particle size analysis was performed on the reinforcing particles and the original 

iron powder. Both video analysis and laser light scattering particle size analysis put the 

size of the reinforcement at approximately 15m. In particulate reinforced matrix 

strengthening composites, particle size is one of the most important factors in determining 

the possible strengthening which can occur in composites. The effect of particle size is 

discussed in further detail in section 5.4.6. on mechanical properties. The size of the 

original iron powder will become important when future work is discussed. 

5.2.5. Chemical Analysis of Reinforcement 

While the samples were being analyzed with the Environmental Scanning Electron 

Microscope (ESEM), a substructure was discovered within the reinforcement particles. A 

fine distribution of very small particles were seen at high magnifications (see Figures 17 

and 18). After doing semi-quantitative analysis of the particles and the surrounding 

particles, it was found that the sub-particles had a significantly higher concentration of 

tungsten. This finding leads to the hypothesis that the tungsten rich particles are the 

crystalline tungsten phase seen in the x-ray patterns (Figure 7), surrounded by the 

amorphous iron. 
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5.3. Thermal Stability of the Amorphous Iron Alloy 

5.3.1. | Differential Thermal Analysis 

Figure 10 shows the DTA curve for the amorphous reinforcement. Two distinct 

peaks are observed for pure reinforcement sample. The first broad, diffuse peak at 

623.2°C indicates the dissolution and crystallization of iron from the crystalline tungsten 

particles within the powder. The second sharper peak at 877.6°C represents the 

crystallization of the amorphous iron phase into the Fe.,W intermetallic phase. The results 

are consistent with the published data[6,8]. 

For the 60.4 vol.% composite sample run at similar conditions as the 

reinforcement, the lower temperature peak is not observed, possibly because of the 

reduced percentage of reinforcement. The second high temperature amorphous 

crystallization peak is observed. It has, however, shifted to a slightly lower temperature of 

830.9°C. The lowering of the crystallization temperature is an expected result. It is 

theorized that the presence of a crystalline material would act as a nucleation site for the 

crystallization of an amorphous phase [47]. 

5.3.2. X-ray Diffraction 

X-ray diffraction results of the DTA powders reinforce the arguments made about 

the various transformations occurring upon heating. Figure 11 shows the patterns taken 

from the reinforcement powder after the DTA runs. The first DTA run was stopped at 

700°C and the diffraction pattern shows a sharp crystalline iron peak on top of the broad 

amorphous iron peak. The sharp peak indicates iron which is rejected from the tungsten 

solid solution. The top pattern is for a DTA run heated to 1000°C. The pattern matches 

very well, although not evident from the figure, with the indexed peaks for Fe,W. There 
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is also some oxidation occurring which could be a result of poor purging of the DTA, 

contaminated purging gas or exposure of the powder to air after the DTA runs. 

5.4 Analysis of Composite Materials 

5.4.1. Metallography 

Metallography of all composite samples led to some very interesting observations. 

Probably the most important observation was the consistency and small size of the grain 

size throughout the samples. The observations are supported by the grain size calculations 

shown in Table 7. Another important observation, which is probably best seen in Figures 

33 and 34, is the even distribution of particles which mechanical alloying provides. 

5.4.2. Density Measurements 

Density calculations were a source of conflict. It is unclear as to what the density 

of the samples actually is or should be. The theoretical density used in Figure 36 and 

Tables 4 and 5 is an approximation (see Appendix). The density of the reinforcement 

powder is difficult to calculate since the iron is amorphous and also because it is difficult 

to say exactly what proportions the amorphous iron and crystalline tungsten are in. For 

the approximation, the original starting proportions of Fe-40 at.% W were used. In 

addition to this, the density of liquid iron was used to approximate the density of 

amorphous iron. 

In addition to the difficulties in determining the theoretical value, difficulties in 

getting consistent results occurred. Several different methods for measuring density were 

used and all gave dramatically different values. The values obtained by the weight and 
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volume method are believed to be the most accurate since there was the smallest margin 

for error. 

5.4.3. Rockwell Hardness 

The Rockwell hardness values shown in Figure 37 show a peculiar trend. The 

sample containing 0 vol.% reinforcement shows an average hardness of 39R,. When 2.6 

vol.% reinforcement is added, the hardness drops significantly to 32R,. A gradual 

increase in hardness is then seen with increasing reinforcement concentration. The 

explanation might be that the hardness is controlled by a combination of reinforcement and 

porosity concentrations. 

5.4.4. Vickers Microhardness 

Microhardness measurements were done for the pressed and annealed and the 

rolled and annealed composite samples. The results were very consistent regardless of the 

sample tested. The iron, as could be expected, was very soft. The reinforcement 

particles, on the other hand, were extremely hard. The values reported in Table 6 put the 

hardness of the reinforcement in the same range of hardness as materials such as tungsten, 

tantalum and titanium carbides [48]. 

5.4.5. Matrix Grain Size 

The grain sizes shown in Table 7 are very consistent, regardless of the sample or 

how it was prepared. The sizes correspond well with the grain size of the original 

powder. It is believed that it is this very fine grain size which dictates the mechanical 

properties of the composite. In other words, since the matrix of the composite is not 

DISCUSSION 64



heated to a temperature high enough to induce recrystallization, the starting powder grain 

size is the eventual matrix grain size. 

5.4.6. | Compression Tests 

The strengthening mechanisms occurring in discontinuous composite materials can 

usually be broken up into two different categories: contributions to strengthening from 

reinforcements and contributions to strengthening from the matrix and other sources. 

Reinforcement contributions would include how interactions of dislocations with the 

reinforcing particles will improve strength and stiffness, how load transfer between the 

matrix and particles will improve strength and stiffness and how particles will affect strain 

hardening. Matrix contributions to strength include the effect of matrix grain size and 

porosity on composite mechanical properties. The pressed and annealed composite 

compression tests in Figure 38 can only be explained if a combination of the strengthening 

mechanisms from the matrix and the reinforcement are contributing. 

The most striking observation that can be made from Figure 38 is that very little 

change is noticed in the mechanical properties between any of the composite samples. It is 

the goal of any composite material to increase its stiffness and strength by adding an 

increasing amount of a hard reinforcing material. Hashin and Shtrikman[49] as well as 

Reuss (Rule of Mixtures) have set minimum limits on the elastic modulus as a function of 

volume fraction reinforcement. Falling outside of these limits is a disturbing result. 

Explanations for the results could be that bonding between the particles and the matrix is 

very poor and/or that porosity is playing an important role in the stiffness. 

A starting point is to determine the properties of the individual constituents in the 

composite. By analyzing the 0 vol.% reinforcement sample, information can be obtained 

for the pure iron matrix. Grain size dictates the properties of the pure iron matrix. The 
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yield strength of pure iron of very large grain size is quoted to be 48 MPa (7ksi)[9]. 

Using a Hall-Petch relation of the form: 

Oy = Oo + kd"? (2) 

where 6, is the yicld strength, 0, is the yield strength at infinite grain size, k is a constant 

and d is the grain diameter, the strength of the matrix for any grain size can be calculated. 

Figure 40 shows the Hall-Petch relation for pure iron. From the measured grain size of 

the matrix of 141m, the yield strength is calculated to be ~240 MPa (35 ksi). The value 

falls slightly short of the observed value of 310 MPA (45 ksi) but is within a reasonable 

range. 
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Figure 40. Grain size effect on yield strength for pure iron [50]. 

The Young's modulus of iron is known to be 207 GPa (30 Msi). The value is 

significantly higher than the value of 115 GPa (16.7 Msi) taken from the stress-strain 

curve in Figure 38. The explanation for some of the deviation may be the crude way in 
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which strain was measured. Because of the small test sample size, an extensometer could 

not be used to measure strain. Strain was measured using the displacement of the cross 

head divided by the sample height. Strain measured in this manner will be distorted by the 

elasticity which is present in the testing equipment. A correction for this elasticity was 

made but the values may still be slightly skewed. Because of the uncertainty of the elastic 

modulus values, the discussion will focus primarily on the strength values which are 

believed to be more accurate. 

Very little is known about the mechanical properties of the amorphous iron 

reinforcement. It is very difficult to measure the properties since the particles are small 

and their consolidation into a bulk form is difficult to achieve. Vickers hardness values 

indicate that the material is very strong based on the relation that strength increases with 

hardness[51]. If a crude approximation is done based on strength and hardness for other 

amorphous alloys and for materials with similar hardness values, the fracture strength of 

the reinforcement is ~ 2.9 GPa (427 ksi). Another approximation can be made for the 

elastic modulus of the reinforcement. In general, the elastic modulus of amorphous alloys 

is about 10% lower than the corresponding crystalline value. For iron (E = 207 GPa) and 

tungsten (E = 407 GPa) an intermediate value will probably be reached for the elastic 

modulus of the crystalline alloy. Making all of the adjustments, an elastic modulus value 

can be approximated at 260 GPa (37 Msi). 

By using the approximated values for the reinforcement and the known values of 

the matrix, some predictions can be made about the composite behavior. A method for 

estimating the strengthening caused by particulate reinforcements has been outlined by 

Kampe et. al..[52] The approach assumes strengthening results from increased dislocation 

densities at the matrix/reinforcement interface. The strengthening can then be related to 
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reinforcement particle spacing and the particle modulus, assuming that the particles do not 

fracture by the equation: 

AG =VGn-Ep-B / Ne- (4) 

where Ao, is the strengthening directly attributed to the particle, G,, is the shear modulus 

of the matrix, E, is the modulus of the particle, b is the Burgers vector of the matrix and 

X,.. is the edge to edge reinforcement particle spacing. 

In competition with the particle strengthening, porosity can have a dramatic 

negative effect on the strength of a material. Spitzig et. al. have developed empirical 

relationships between the strength of iron and the percent porosity [52]. For yield 

strength the relationship follows the form: 

OG = (1-3) (3) 

where ©, is the yield strength, 0, is the full density yield strength and f is the percent 

porosity. The relationships can be seen in Figure 41. If the relationship is applied to the 

composite materials, a loss in strength relative to the porosity level can be calculated. 

When both the particle strengthening and the porosity weakening are 

simultaneously plotted, an elimination of most strengthening is possible. The calculated 

values from equations (2) and (3) and the observed yield strengths are shown in Figure 42. 

It is this combination of strengthening and porosity which explains the stress strain curves 

in Figure 38. 
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Figure 41. Normalized strength versus porosity for iron [52]. 
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5.4.7. |Comments on Future Work 

In an effort to improve density and, therefore, increase strengths in the composites, 

samples of the 14.5 vol. % reinforcement sample were heated to high temperatures. 

Although the reinforcement would lose its amorphous properties, the intermetallic Fe,W 

would replace it as the strengthening phase. The samples shown in Figures 31 through 33 

show the etched microstructures. It can readily be seen that the porosity of the samples 

was greatly decreased. Future work would include the mechanical evaluation of these 

samples. 
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6. Summary 

Mechanical alloying was used successfully to both produce an amorphous 

reinforcement and to produce a uniformly dispersed amorphous reinforced metal matrix 

composite. 

Powder composite samples were compacted in three ways and the effectiveness of 

each technique was evaluated through density measurements. The pressing and annealing 

technique produced large, high density samples compared to the rolling and HIPping 

techniques. 

Light and electron microscopy revealed the structure of the composites and 

allowed for chemical analysis and porosity determinations. The matrix grain sizes were 

determined from photomicrographs of the composites. 

Differential thermal analysis showed that the amorphous iron reinforcement phase 

was stable while in contact with the crystalline iron matrix. 

Mechanical properties of the composites were studied. The determined matrix 

grain sizes were small enough to influence the strength of the matrix. Vickers 

microhardness measurements show that the amorphous reinforcement is extremely hard. 

Volume fraction of the reinforcement did not seem to have an effect on the strength of the 

composites in compression tests. The effect was probably due to a combination of two 

competing factors: increasing strength as a result of the reinforcing particles and 

decreasing strength caused by increasing sample porosity. 

SUMMARY 71



10. 

11. 

12. 

13. 

14. 

References 

K. K. Chawla, Composite Materials: Science and Engineering, Springer-Verlag, 

Berlin, 1987. 

T. W. Clyne, P. J. Withers, An Introduction to Metal Matrix Composites, 

Cambridge University Press, Cambridge, 1993. 

A. W. Weeber, H. Bakker, Physica B, 153, 1988, 93-135. 

F, E. Luborsky, (ed.), Amorphous Metallic Alloys, Butterworths Monographs in 

Materials, London, 1983. 

T. D. Shen, K. Y. Wang, M. X. Quan, J.T. Wang, Materials Science Forum, 

Vols. 88-90, 1992, 391-98. 

T. D. Shen, K. Y. Wang, M. X. Quan, J. T. Wang, J. of Applied Physics, 71, 

(4), 1992, 1967-71. 

M. X. Quan, K. Y. Wang, T. D. Shen, J.T. Wang, J. of Alloys and 

Compounds, 194, 1993, 325-30. 

U. Herr, K. Samwer, Nanostructured Materials, 1, 6, 1992, 515-21. 

W. F. Smith, Structure and Properties of Engineering Alloys, 2nd Ed., Mcgraw- 

Hill, New York, 1993. 

J.S. Benjamin, Scientific American, 234, 5, 1976, 40-48. 

J.S. Benjamin, Metallurgical Transactions, 5, 1974, 1929-34. 

J.S. Benjamin, Materials Science Forum, Vols. 88-90, 1992, 1-17. 

M. Oehring, Z.H. Yan, T. Klassen, R. Borman, Physica Status Solidi A, 131, 

1992, 671-89. 

A. O. Aning, C. Hong, Ceramic News, VPI&SU MSE Dept., vol. 4, 3, 1993, 1. 

REFERENCES 72



15. 

16. 

17. 

18. 

19, 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29, 

30. 

31. 

J. Pan, W. J. D. Shaw, Proceedings of the 24th International SAMPE Technical 

Conference, 24, 1992, T762. 

R. L. White, W. D Nix, New Developments and Applications in Composites, D. 

Kuhlmann-Wilsdorf and W. C. Harrigan, Eds., TMS, AIME, Warrendale, PA, 

1979,. 78. 

R. Sundaresan, F. H. Froes, J. of Metals, 39, 1987,22. 

A. Y. Yermakov, Materials Science Forum, Vols. 88-90, 1992, 577 

J. R. Rairden, E. M. Habesch, Thin Solid Films, 83, 1981, 353. 

K. Klement, R. H. Willens, P. Duwez, Nature, 187, 1960, 869. 

Materials Science Seminar: Metallic Glasses, ASM, Metals Park, Ohio, 1978. 

R. Hasegawa, (ed.), Glassy Metals: Magnetic, Chemical, and Structural 

Properties, CRC Press, Boca Rotan, 1983. 

M. J. Fleetwood, Materials at Their Limits, Institute of Metals, Birmingham, 

1986. 

X. L. Yeh, K. Samwer, W. L. Johnson, Applied Physics Letters, 42, 1983, 242. 

R. B. Schwarz, W. L. Johnson, Physical Review Letters, 42, 1983, 597. 

Y.T. Cheng, W. L. Johnson, M. A. Nicolet, Advanced Applications of Ion 

Implantation, SPIE, 530, 1985, 134. 

C. C. Koch, O. B. Cavin, C. G. McKamey, J. O. Scarbrough, Applied Physics 

Letters, 43, 1983, 1017. 

R. B. Schwarz, C. C. Koch, Applied Physics Letters, 49, 1986, 146. 

E. Hellstern, L. Schultz, J. Eckert, Journal of Less Common Metals, 140, 1988, 

93. 

E. Hellstern, L. Schultz, Applied Physics Letters, 48, 1986, 124. 

E. Hellstern, L. Schultz, Materials Science and Engineering, 97, 1988, 39. 

REFERENCES 73



32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

45. 

46. 

47. 

48. 

R. B. Schwarz, R. R. Petrich, C. K. Saw, Journal of Non-Crystalline Solids, 76, 

1985, 281. 

J.R. Thompson, C. Politis, Y. C. Kim, Materials Science and Engineering, 97, 

1988, 31. 

B. P. Dolgin, M. A. Vanet, T. McGory, D. J. Ham, Journal of Non-Crystalline 

Solids, 87, 1986, 281. 

A.O. Aning, Z. Wang, T. H. Courtney, Acta Metallurgica et Materialia, 41, 1, 

1993, 165. 

D. J. Goldwasser, B. H. Kear, Materials Science and Engineering, 23, 1976, 237. 

S. Takayama, R. G.Fehrman, J. of Materials Science Letters, 15, 1980, 532-4. 

S. J. Cytron, J. of Materials Science Letters, 1, 1982, 211-3. 

A. Ruutopold, R. A. Varin, Z. Wronski, Materials Science and Engineering, 98, 

1988, 547-551. 

M. Blank-Bewersdorff, U. Késter, G. Steinbrink, J. of Materials Science 

Letters, 1989, 796-8. 

Binary Alloy Phase Diagrams, ASM, Metals Park, 1986. 

B. E. Warren, X-ray Diffraction, Dover, New York, 1990. 

B. D. Cullity, Elements of X-ray Diffraction, 2nd ed., Addison-Wesley, Reading 

Mass., 1978. 

E. Hellistern, H. J. Fecht, Z. Fu, W. L. Johnson, Journal of Applied Physics, 65 , 

1989, 305. 

J.S.C. Jang, C. C. Koch, Journal of Materials Research, 5, 1990, 498. 

M. Lu, C. L. Chien, Journal of Applied Physics, 67, 9 , 1990, 5787. 

Svec, P., Duhaj, P., Materials Science and Engineering, B6, 1990, 265. 

V.E. Lysaght, Indentation Hardness Testing, Reinhold Pub., New York, 1949 

REFERENCES 74



49, 

50. 

51. 

52. 

53. 

Z. Hashin, S. Shtrikman, Journal Mech. Phys. Solids, 11, 1963, 127. 

R. L. Smith, A. A. Hendrickson, in Ultra-High-Purity Metals, ASM, 1962. 

A. Kelly, Strong Solids, 2nd. ed., Clarendon Press, Oxford, 1973. 

S. L. Kampe, P. Sadler, L. Christodoulou, D. E. Larsen, Metallurgical and 

Materials Transactions A, 25A, 1994, 2181. 

W. A. Spitzig, R. B. Thompson, D. C. Jiles, Metallurgical Transactions A, 20A, 

1989, 571. 

REFERENCES 75



Appendix 

Calculation of Theoretical Density of Composite Samples 

Some assumptions were used when the density of the composite samples were calculated. 

They are: 

e The reinforcement was assumed to be a mixture of crystalline tungsten and amorphous 

iron only. 

e The density of amorphous iron was approximated as being equal to that of liquid iron. 

e Contamination from ball milling did not significantly alter the composition of the 

reinforcement. 

e Density can accurately be calculated using a rule of mixtures (linear combination) from 

the percentages of crystalline tungsten and amorphous iron. 

A sample calculation for the 40.6 vol% composite is shown below. 

Density of Iron = 7.86 g/ml 

Density of Tungsten = 19,3 g/ml 

Density of Liquid Iron = 7.03 g/ml 

First calculate the density of the reinforcement. 

Fe - 40 at%W = Fe - 68.7 wthw 

Preinr, = 9.687 (19.3 g/ml) + 0.313 (7.03 g/ml) 
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Then calculate the density of the composite. 

40.6 vol.% reinforcement composite = 50 wt.% reinforcement composite 

= 0.5 (15.46 g/ml) + 0.5 (7.86) Pomp. 

  

= 11.66 g/ml     Pomp, 
  

The value can be compared with the 40.6 vol% theoretical composite value in Table 4. 
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