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Abstract 
Heat treatment is a process mainly used in jewelry production for recovering plasticity of precious 
metal alloys after cold deformation. It is also well known that in many cases the annealing process 
has to be carried out taking care of the temperature/time relationship for getting softer material after 
this process. An example is quenching of 18 carats red gold alloys in water after annealing to obtain 
material with good deformation properties. However, heat treatments can be also used to avoid 
processing problems or to achieve better mechanical properties of the final product taking 
advantage from the precipitation hardening/disorder-order transition phenomena. A short 
description of hardening processes, mechanisms and metallurgical reasons will be given. 
It will be shown that, even in widely used precious metal alloys, all the achievable performances are 
not completely developed. One example is precipitation hardening of standard silver alloys Ag925 
or Ag935 that are usually not used by jewelry manufacturers but can add relatively high hardness to 
these alloys. Other examples cited in this overview are 18kt gold alloys in yellow and red colours 
when disorder-order transition take place and platinum alloys that show precipitation hardening. 
 
Introduction 
One of the most important heat treatment in the jewellery world besides soft annealing is 
precipitation hardening. This process allows the jewellery manufacturer to increase the hardness of 
an alloy that is easy deformable during the required cold deformation steps just at the end of the 
production line. 
The hardening effect coming from this heat treatment can be simply explained. On an atomic scale 
the cold deformation of metals is the motion of crystal lattice defects. The presence of these defects 
(dislocations) results in a large reduction of the energy needed for the movement of atoms/atomic 
planes as compared to a perfect crystal (see figure 1). With increasing cold deformation the 
dislocation density increases resulting in a more and more limited dislocation mobility and therefore 
increase of hardness. [1] 
 

 
One possibility of increasing the hardness of metals is to make the dislocation movement more 
difficult. In jewelry alloys this effect can be obtained by means of both precipitation hardening and 
disorder-order transition. 
 
Precipitation hardening. If we have second phase precipitates the dislocation motion is impeded 
(see figure 2 a,b). In order to progress furthermore the dislocation line has only two possibilities: 
 

1) by looping mechanism (Orowan mechanism, see figure 2 d) 
2) by cutting the precipitates (see figure 2 c) 

Figure 1 Atoms motion 
through edge dislocation motion. 
 



 

 

 

 
 
The stress (t ) required for developing the looping process depends on the average particle radius 
(R) of the precipitates as shown in figure 3a. 
For very small average particle radius the movement of the dislocations is provided by the cutting 
process with a required stress which is proportional to the square root of the particle radii (fig. 3b). 
 
 

 
 
Figure 3 Outline of yield stress versus particle radius. (a) Looping mechanism; (b) cutting 
mechanism 
 
 
Summarizing the above reported dislocation motion mechanisms we can state that the ageing is a 
very important parameter. By controlling the ageing time it is possible to freeze the precipitates 
growth at the wanted dimension and therefore the optimized hardness. For short ageing time we 
have low hardness (small precipitates radius �  low stress required for dislocation motion because 
of cutting mechanism) and the hardness is again low if we use too long ageing time (big precipitates 
radius � low stress required because of looping mechanism). The outline of the curve ageing time 
versus hardness is shown in figure 4 [2]. 
 

Figure 2 (a,b) Hindrance of the 
dislocation line motion; (c) Precipitates 
cutting process; (d) Precipitates looping 
process 
 

(a) (b) 



 
 
 
The precipitatation of particles is possible when a second phase can be separated from the matrix 
due to its low solubility at low temperature in contrary to the perfect miscibility at higher 
temperatures. 
Figure 5 shows the silver rich side of the silver-copper phase diagram. This binary system is well 
explaining the precipitation of a second phase (copper rich) for the alloy Ag 925 and the thermal 
treatment required for gaining additional hardness [3]. 
During the solidification of the molten alloy (1) the usual slow cooling rate allows the second phase 
precipitates to grow because the diffusion coefficient is high. After solidification the structure of the 
alloy can be represented, from a thermodynamic point of view, by point (2). In this case we have 
very large precipitates which are not really impeding the dislocation motion (looping mechanism). 
In order to increase the hardness it is necessary to have, as starting point for the ageing process, a 
solid solution. To obtain such condition it is necessary to heat the alloy till point (3) where only one 
phase is stable, keep the alloy at this point for a certain time to allow for homogenisation and then 
rapidly quench the metal for freezing the solid solution condition. In order to have hardened 
material, a new thermal treatment (4) is required after this treatment for increasing the diffusion 
coefficent of the atoms and allow the precipitates to nucleate and grow until optimum size is 
reached (see fig 4). 
 
 

 
 
In figure 6 the temperature/time graph of a hypotetical hardening process is shown with a view of 
the microstructure in the same points marked in the phase diagram of fig. 5. 

Figure 4 Optimization of the particles 
size for obtaining the best hardening 
properties [2]. 
 

Figure 5 Solution heat 
treatment and precipitation 
hardening process. 



 
 

 
Another important parameter affecting the final hardness of the precipitation hardened alloy is the 
ageing temperature. Figure 7 shows several yield strenght versus time curves at different ageing 
temperature for an aluminum/copper alloy. At low temperatures (150°C) it is possible to get higher 
hardness because of the larger super-saturation of the single phase alloy obtained after quenching 
(point 3 of figure 6) but for longer ageing time because of the low atomic diffusion coefficient. 
By increasing the temperature the maximum of the strenght versus time curve decreases as well as 
the time required for getting the optimum particle size. 
If temperatures gets to high the two phase equilibrium changes towards less second phase volume 
which then results in less second phase particles and therefore to a very limited hardening effect. 
 

                       
 

 
 
Disorder-Order Transition. The yellow/red “standard”  gold alloys, based on the ternary system 
Au/Ag/Cu, can be hardened with both the two mechanisms: precipitation hardening and disorder-
order transition. 
The disorder-order transition is a process that can hinder the dislocation motion but with a different 
mechanism. 
This property can be found in alloys with very simple atomic ratios and for the gold alloys we can 
have ordering phenomenon when the ratio Au:Cu is 3:1 (gold weight content 83 %), 1:1 (gold 
weight content 75.6 %) and 1:3 (gold weight content 50.8 %). 
The hardening effect of this transition can be explained by the combination of two different 
phenomena. 
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Figure 6 Temperature/time 
graph for solution heat treatment 
and precipitation hardening 
process. 

Figure 7 Precipitation 
hardening curves at different 
temperatures. 

Time 



 
Figure 8 Disorder-order transition in Au/Cu alloy with gold content of 50,8 [5]. 
 
In the first of this two phenomena the ordering transformation is not affecting the symmetry of the 
crystal. In this case the higher hardness of the alloy can be easily explained by the bigger energy 
required for moving the dislocations through the crystalline lattice when ordering is obtained 
(necessity of creation of an antiphase boundary by means of a second dislocation as shown in fig. 
9). 
 

 
 
In some cases is it possible to have a second source of hardening as it is the case for 18k red gold. 
In this case the ordering process is accompanied by a change of crystalline symmetry from face 
centered cubic to face centered tetragonal. 
This change causes a drastic increase of hardness because both the creation of the antiphase 
boundary and the reduced number of slip-planes. 
 

 
Figure 10 Disorder-order transition in a disorder-order transition in Au/Cu alloy with gold 
content of 75,6% of gold [5]. 
 

Figure 9 Differences in 
the dislocation motion between 
disordered and ordered lattice. 

FCC FCT 



Hardening process for Ag935 alloy. As mentioned before the hardening process of this alloy is due 
to the precipitation of a second phase (copper rich) from a silver rich matrix. The optimized 
precipitation hardening process is shown in figure 11. 
In table 1 some trial about the precipitation hardening of Ag935 are reported together with the test 
conditions. 
 

 
 
What it is really interesting is that is possible to reach the same hardness of the cold deformed alloy 
with a cold deformation degree of 60¸ 80% (see fig. 12). 
 
Table 1. Precipitation hardening properties of Ag935 Alloy. 

Specimen conditions 
before hardening 

1st treatment Precipitation treatment 

60%cold rolled HV5=141 --- --- 
60%cold rolled HV5=138 Annealing 680°C 15 min --- HV5=56 

60%cold rolled HV5=138 Solution 800°C 60min 
� Water quenching 

280°C 60 min HV5=142 

60%cold rolled HV5=140 Solution 730°C 60min 
� Water quenching 280°C 60 min HV5=137 

 
 

 
 
Hardening process for jewelry gold alloys. In figure 13 the sections of three main gold jewelry 
alloys are shown. Both the 10kt and 14kt gold alloys can be hardened by means of precipitation 

Solution 

Precipitation 

Figure 11 Hardening process 
for Ag935 alloy 

Figure 12 Strain hardening 
process for Ag935 alloy 



phenomena. In fact the miscibility gap of the copper silver phase diagram is extending to the low 
carat gold alloys. 
The 18kt gold alloys can be hardened with both of the processes discussed above. The yellow gold 
alloys, with a silver content between 10% and 16%, have a miscibility gap where is possible to have 
a two-phase alloy (precipitation hardening) while the red gold alloys, with a silver content up to 5%, 
can be hardened by means of ordering transition. 
 

 
Figure 13 Sections of the ternary phase diagram at the jewelry alloy compositions [3]. 
 
18kt yellow gold alloys. In table 2 the hardening process for some yellow gold alloys is reported. In 
agreement with the phase diagram of fig. 13 the age hardening properties of the 18k alloy with 
130‰ of Ag (near the top of the miscibility gap curve) is harder, after ageing, than the alloy with 
150‰ of silver. 
The ageing process performed on the alloy with 145‰ of silver, and a little amount of zinc, shows 
that, in this case, the effect of zinc is negligible. 
Looking at the data of table 2 we can also state that using either 600°C or 680°C as solution 
annealing temperature does not matter as the hardening effect is approximately the same (both the 
two temperature are higher than the immiscibility temperatures for these compositions). 
 
Table 2. Precipitation hardening properties of 18k yellow gold alloys. 

Alloy 
Au‰/Ag‰ 

Solution 
[°C] / 
[min] 

Condition 
[°C] / 
[min] 

Hardness  
[HV 2] 

Condition 
[°C] / [min] 

Hardness  
[HV 2] 

750/130 600/30 280/60 202 280/120 246 
750/150 600/30 270/60 172 270/120 201 
750/145(a) 600/30 270/60 215 270/120 228 
750/150 680/30 270/60 198 270/120 207 
750/145(a) 680/30 270/60 207 270/120 218 

(a) with zinc 
 



Table 3. Precipitation hardening properties of 18k zinc containing yellow gold alloys. 
Alloy  

Au‰/Ag‰ 
Solution 

[°C] / 
[min] 

Condition 
[°C] / 
[min] 

Hardness  
[HV 2] 

Condition 
[°C] / [min] 

Hardness 
 [HV 2] 

750/140 600/30 300/60 145 300/120 150 
750/140 600/30 280/60 165 280/120 195 
750/110 600/30 300/60 150 300/120 140 
750/110 600/30 280/60 160 280/120 180 

 
In table 3 some data about the ageing of zinc containing 18kt yellow gold alloys are reported. 
The data show that the achievable maximum hardness decreases with increasing zinc content. 
Looking at the hardening properties of the alloy containing 140‰ of Ag we can also see that 120 
minutes for the ageing treatment at 300°C is too long. In fact the precipitates dimensions after this 
treatment exceed the optimum size of fig. 4 causing a decrease of hardness. 
 
18kt red gold alloy. As before mentioned the hardening process for 18kt red gold alloys (AuAgCu 
alloys up to 50‰ of silver) is based on a different physical process: the disorder-order transition 
together with a decrease of crystaline lattice symmetry. 
For this kind of process the “ageing”  vs. time curve is not influencing the final hardness when the 
correct temperature is chosen. 
 
Table 4. Ordering transition for 18kt AuAgCu alloy with 40‰ of silver. 

Initial Condition Heat Treatment Results (Hardness 
HV 10) 

--- 162 HV 
5 minutes at 350°C 265 HV 
10 minutes at 350°C 280 HV 
15 minutes at 350°C 289 HV 
25 minutes at 350°C 290 HV 

soft annealed+650°C 60 
min. followed by water 

quenching 

60 minutes at 350°C 300HV 
 

 
 
This kind of alloy, as can be seen from the treatment time/hardness data is affected by an increase 
of hardness after casting/annealing if the water quenching is not performed. In table 5 some data 
about this problem are also reported. 
 

Figure 14 Ordering transition 
for 18kt AuAgCu alloy with 40‰ of 
silver. 



Table 5. Hardening of 18k red gold alloy in relation to waiting time after annealing 
Initial Condition Heat Treatment Results 

(Hardness HV 
10) 

immediate water quenching 162 HV 
5 minutes air, then water quenching 173 HV 

10 minutes air, then water 
quenching 

172 HV 
soft annealed+650°C 60 

min.  

15 minutes at 350°C 177 HV 
 
Hardening process for platinum alloys. The standard platinum alloys like Pt/Cu, Pt/Co, PtW or 
PtRu are a single phase alloys for a Pt content of 950‰. In order to have an ageing effect is 
necessary to add an element that shows limited solubility in a platinum matrix at low temperatures 
but at the same time complete solubility at annealing temperature. 
One of the elements with this behaviour is Gallium. As can bee seen from the phase diagram shown 
in figure 15, Gallium shows decreasing solubility with decreasing temperature giving the chance of 
precipitation hardening to platinum 950‰ alloys when present. 
 

 
In the following table some data about the precipitation hardening of Pt950 with gallium are shown. 
In this case, in the contrary to the order transition, the ageing time is really important. In fact it can 
be observed that exceeding 45 minutes at 500°C the resulting hardness decreases with the treatment 
time. 

 

Figure 15 Pt Ga phase diagram.  

Figure 16 Precipitation 
hardening for Pt 950 ‰  with 
gallium. 



 
Table 6. Precipitation hardening for Pt 950 ‰  with gallium. 

Initial Condition Heat Treatment Results (Hardness 
HV 10) 

--- 157 HV 
5 minutes at 500°C 161 HV 
10 minutes at 500°C 161 HV 
15 minutes at 500°C 168 HV 
25 minutes at 500°C 178 HV 
45 minutes at 500°C 209 HV 
60 minutes at 500°C 193 HV 

soft annealed+900°C 30 
min. followed by water 

quenching 

110 minutes at 500°C 184 HV 
 
Summary and Conclusions. 
In the jewelry world the hardening process for end products is a well known process. In this 
presentation an explaination of the hardening mechanisms is given in order to show which process 
parameters must be controlled. The parameters affecting the end results are not always the same as 
they depend on the alloy and its hardening properties. In fact two main physical reasons can be 
found for the “ageing” of the jewelry alloys: precipitation and order transition. 
 
Furthermore it has been shown how the mechanical properties of the main jewelry alloys can be 
increased. Silver 935 can be hardened taking advantage from the miscibility gap between silver rich 
and copper rich phases at temperature below 760°C. For this alloy, with a precipitation treatment at 
280°C for 60 minutes, it is possible to achieve a hardness that is comparable to cold worked 
materials (60¸ 80% reduction).  
Also 18kt yellow and red gold alloys can be strengthened by means of a well designed heat 
treatment. The 18kt yellow gold exhibits a immiscibility region in a silver content range between 
110 to 160 ‰ as extension of the Ag/Cu miscibility gap. For this alloy, like the Ag935, second 
phase precipitations can increase the mechanical properties to the jewels. The results presented 
show how the hardness properties will be increased for the 18kt yellow gold alloys when the silver 
content is close to 120‰ because of, for this concentration, the miscibility gap line has its 
maximum on the phase diagram. As reported in previous work for 10kt and 14kt ternary gold alloys 
alloys [5] adding some amounts of zinc to the AuAgCu alloy decreases the hardening effect because 
of a probable reduction of the miscibility gap. 
The 18kt red gold alloy can be also hardened taking advantage of a different process, the ordering 
transition. In this case, when the Au/Cu atomic ratio approach to 1:1 (weight ratio 3.1:1) the 
disordered face centred cubic phase (FCC) changes to the ordered face centred tetragonal phase 
(FCT) with higher mechanical properties. As main macroscopic difference, if compared with the 
other alloys, we have a hardness/time curve which exhibits no maximum. Increasing the treatment 
time the hardness increases tending to an asymptotic value due to the fact that the ordered phase 
content tends to the thermodynamic equilibrium. 
 
The Pt950 standard alloys are all single phase alloys and as a consequence it is not possible to make 
them harder by ageing. However, it has been demonstrated that age hardening of Pt alloy is possible 
by alloying with an element with low solubility such as gallium. In fact the gallium present inside 
the investigated alloy resulted in an alloy that can be precipitation hardened. For this alloy, 
developed by Allgemeine, it is possible to reach a hardness up to 210 HV giving to the products 
increased mechanical properties and wear resistance. 
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